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(57) ABSTRACT

Disclosed herein are electroplating systems for forming a
layer of metal on a water which include an electroplating
module and a water edge 1maging system. The electroplating
module may include a cell for containing an anode and an
clectroplating solution during electroplating, and a wafer
holder for holding the water in the electroplating solution
and rotating the water during electroplating. The water edge
imaging system may include a water holder for holding and
rotating the waler through different azimuthal orientations,
a camera oriented for obtaining multiple azimuthally sepa-
rated 1images of a process edge of the waler while 1t 1s held
and rotated (the process edge corresponding to the outer
edge of the layer of metal formed on the water), and 1image
analysis logic for determining an edge exclusion distance,
wherein the edge exclusion distance 1s a distance between
the wafer’s edge and the process edge.
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ELECTROPLATING AND
POST-ELECTROFILL SYSTEMS WITH

INTEGRATED PROCESS EDGE IMAGING
AND METROLOGY SYSTEMS

FIELD OF THE INVENTION

This disclosure relates to the fabrication of electronic
devices, the electroplating and post-electrofill processing of
semiconductor substrates, electroplating and post-electrofill
processing systems and apparatuses including edge bevel
removal apparatuses, and electroplating and post-electrofill
processing systems having integrated and/or in situ metrol-
ogy systems for examining semiconductor wafers during
processing.

BACKGROUND

Integrated circuit fabrication typically imvolves the depo-
sition of one or more layers of conductive metal on the
active circuit region ol a semiconductor waler—i.e., the
main interior region on the front side of the watfer which 1s
used for the fabrication of IC devices. Electroplating pro-
cesses are a common methodology which 1s used to accom-
plish such metal layer deposition. For example, typical
clectroplating applications include, but are not limited to,
copper Damascene electrofill, electroplating of tin-silver
alloys which are recently finding increased use in wafer

level packaging (WLP) applications (see, e.g., U.S. Pat. Pub.
No. 2012/0138471, entitled “ELECTROPLATING APPA.-

RATUS AND PROCESS FOR WAFER LEVEL PACKAG-
ING,” hereby incorporated by reference 1n 1ts entirety for all
purposes), and copper electrofill of through-silicon vias

(TSVs) (see, e.g.: U.S. patent application Ser. No. 12/193,
644, filed Aug. 18, 2008, ftitled *“PROCESS FOR
THROUGH SILICON VIA FILING,” now U.S. Pat. No.
7,776,741, 1ssued Aug. 17, 2010; and U.S. patent application
Ser. No. 12/577,619, filed Oct. 12, 2009, and titled “ELEC-
TROLYTE CONCENTRATION CONTROL SYSTEM
FOR HIGH RATE ELECTROPLATING”; each of which is

hereby 1incorporated by reference in its entirety for all
purposes).

While the deposition of a layer of conductive metal may
be desired within the active circuit region of a semiconduc-
tor waler, such deposition may be undesirable elsewhere,
such as the edge bevel region of the waler—a narrow a
region adjacent to the waler’s edge. However, in many IC
fabrication processes, before electroplating may be per-
formed, a thin layer of conductive material must first be
deposited to serve as a seed for the electroplating operation
to follow, and the process commonly used to deposit this
seed layer—physical vapor deposition (PVD) via sputter-
ing—can indiscriminately leave conductive metal deposits
within the regions of the water where they are not desired.
Nevertheless, in order to maximize the size of the water’s
active surface region (and thereby to maximize the number
ol integrated circuits produced per wafer), the seed layer
must be sputtered to very near the edge of the semiconductor
waler, and thus it 1s typically the case that PVD deposited
metal not only covers the active surface region, but also
coats the entire front edge area outside the active circuit
region, as well as the side edge, and to some degree, the
backside. Fortunately, after the PVD seed layer 1s deposited,
clectrofill of the conductive metal 1s much easier to control.
In some electroplating systems, such control 1s achieved by
employing an electroplating module and -electroplating
clamshell water holder assembly which excludes the elec-
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2

troplating solution from the undesired areas (such as the
waler edge and backside). One example of a plating appa-

ratus that constrains electroplating solution to the wafer
active surface 1s the SABRE™ clamshell electroplating
apparatus available from Lam Research Corp., aspects of
which are described in U.S. Pat. No. 6,156,167, “CLAM-
SHELL APPARATUS FOR ELECTROCHEMICALLY

TREATING SEMICONDUCTOR WAFERS,” which 1s

hereby incorporated by reference in 1ts entirety for all
pUrposes.

The PVD metal remaining on the water edge after elec-
trofill 1s undesirable for various reasons. One reason 1s that
PVD metal layers are thin and tend to flake off during
subsequent handling, thus generating undesirable particles.
This can be understood as follows. At the front side edge of
the water, the water surface 1s beveled. Here the PVD layers
are not only thin, but also unevenly deposited. Thus, they do
not adhere well. Adhesion of subsequent dielectric layers
onto such thin metal 1s also poor, thus introducing the
possibility of even more particle generation. By contrast, the
PVD metal on the active interior region of the water 1s
simply covered with thick, even electrofill metal and pla-
narized by CMP down to the dielectric. This flat surface,
which 1s mostly dielectric, 1s then covered with a barrier
layer substance such as SiN that both adheres well to the
dielectric and aids in the adhesion of subsequent layers.

To address these problems, a post-electrofill processing
system may be designed to remove PVD deposited and
clectroplated metal from an edge bevel region of a semi-
conductor wafer. Such an edge bevel removal (EBR) opera-
tion may be performed in a post-electrofill EBR module and
oftentimes 1volves a metal etch of the water edge followed
by a rinse and dry. In some embodiments, a post-electrofill
EBR module may be a part of an integrated electroplating
system that performs electroplating (electrofill), post-elec-
trofill etching, and potentially other operations such as
cleaning operations, for example.

The precision of the EBR operation 1s important, how-
ever. In particular, 1it’s important that an EBR operation does
not remove too little or too much metal from a water’s edge
bevel region and that the removal operation 1s done
cvenly—i.e., 1n a substantially radially symmetric manner.
Too little metal removal 1n the edge bevel region may fail to
cure the problems noted above, whereas metal removal too
far radially inward on the waler may consume valuable
surface area which could otherwise serve as additional
active circuit region used for chip production. In sum, an
ellective EBR operation works to remove PVD deposited
and electroplated metal from the edge bevel region as
thoroughly and as radially symmetrically as possible—and
over the radially narrowest region which 1s suflicient to cure
the deficiencies noted above in connection with deposited
metal 1n this region of the wafer.

SUMMARY OF THE DISCLOSURE

Disclosed herein are electroplating systems for forming a
layer of metal on a substantially circular water which
include an electroplating module and a water edge 1imaging
system. The electroplating module may include a cell for
containing an anode and an electroplating solution during
clectroplating, and a wafer holder for holding the wafer 1n
the electroplating solution and rotating the wafter during
clectroplating. The waler edge imaging system may include
a waler holder for holding and rotating the water through
different azimuthal orientations, a camera oriented for
obtaining multiple azimuthally separated 1mages of a pro-
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cess edge of the water while 1t 1s held and rotated through
different azimuthal orientations on the wafer holder of the
imaging system (the process edge corresponding to the outer
edge of the layer of metal formed on the water), and 1image
analysis logic for determining an edge exclusion distance
from the multiple azimuthally separated 1images, wherein the
edge exclusion distance 1s a distance between the wafer’s
edge and the process edge. The electroplating system may
turther include fault identification and reporting logic for
reporting an error to the operator of the electroplating
system when the image analysis logic determines that an
edge exclusion distance 1s outside a predetermined range. In
some embodiments, the image analysis logic may determine
multiple azimuthally separated edge exclusion distances
from the multiple azimuthally separated images, wherein
cach edge exclusion distance 1s a distance between the
waler’s edge and the process edge at a particular azzimuthal
angle. The 1mage analysis logic may further include sharp-
ness analysis logic for analyzing images of the process edge
and determining the sharpness of the process edge in the
images. In some embodiments, the process edge, of which
the edge exclusion distance 1s determined in reference, 1s
chosen for analysis by the image analysis logic based on 1ts
location within a predetermined radial range mward from
the water’s edge.

In some embodiments, the image analysis logic may
turther imnclude concentricity analysis logic for determining
that the wafer’s edge and 1maged process edge are concen-
tric when a metric indicative of the statistical varation in the
multiple edge exclusion distances over different azimuthal
angles 1s within a predetermined threshold value and non-
concentric when the metric exceeds the threshold value. The
metric may be the standard deviation of the edge exclusion
distances over diflerent azimuthal angles. The electroplating
system may further include water centering adjustment logic
for adjusting the centering of one or more subsequently
processed walers within the electroplating module when 1t 1s
determined that the currently imaged water’s edge and
process edge are non-concentric. The electroplating system
may further include fault identification and reporting logic
for reporting an error to the operator of the electroplating
system when the concentricity analysis logic determines that
the 1maged water’s edge and process edge are non-concen-
tric.

In some embodiments, the waler edge 1imaging system
may be configured to operate 1n multiple imaging modes and
to obtain multiple azimuthally separated images of the
process edge using the multiple 1maging modes, and in
certain such embodiments, the waler edge 1maging system
may further include an 1mage optimization subsystem for
determining an 1imaging mode which generates the sharpest
images of the process edge, and selecting the 1mages gen-
erated using that mode for use by the image analysis logic
to determine an edge exclusion distance. The waler edge
imaging system may include an illumination subsystem
having a light source with adjustable i1llumination intensity,
and wherein the multiple 1imaging modes comprise distinct
combinations of settings for illumination intensity and expo-
sure times. The waler edge 1maging system may further
include an i1llumination subsystem having a diffuse light
source for illuminating the wafer’s edge with light compris-
ing either diffuse low angle light or diffuse on-axis light
relative to the horizontal plane of the waler’s surface. In
some embodiments, the image analysis logic of the electro-
plating system may further include logic for determining a
taper width of the process edge from the multiple azimuth-
ally separated images.
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In some embodiments, the camera of the waler edge
imaging system may be a color camera, and in certain such
embodiments, each of the images generated by the color
camera may be represented as an array of pixels, each pixel
comprising at least three color values. In some embodi-
ments, 1n the multiple azimuthally separated images, the
process edge 1s 1dentified as a narrow region having the
greatest color contrast between adjacent pixels. In some
embodiments, the image analysis logic may further include
logic for determiming a taper width of the process edge from
the multiple azimuthally separated images. In some embodi-
ments, the waler edge imaging system 1s configured to
operate 1n multiple 1maging modes and to obtain multiple
azimuthally separated images of the process edge using the
multiple 1maging modes. In some embodiments, the water
edge 1maging system further comprises an 1mage optimiza-
tion subsystem for determining an imaging mode which
generates 1mages of the process edge having the highest
color contrast between pixels on either side of the process
edge, and selecting the 1mages generated using that mode for
use by the image analysis logic to determine the taper width.
In some embodiments, the water edge 1imaging system may
further include an i1llumination subsystem having a diffuse
light source for i1lluminating the wafer’s edge with diffuse
low angle light relative to the horizontal plane of the watfer’s
surface, and 1n certain such embodiments, the water edge
imaging system’s multiple 1imaging modes comprises dis-
tinct combinations of settings for illumination intensity, and
exposure times. The multiple imaging modes may further
include distinct settings for color hue, saturation, and inten-
s1ty.

In some embodiments, an electroplating system having a
waler edge 1maging system may further include an edge
bevel removal module which includes a wafer holder for
holding and rotating the water, and a device for delivering
ctchant to an edge bevel region of the water while 1t 1s held
and rotated on the wafer holder to remove electroplated
metal from the edge bevel region after electroplating in the
clectroplating module. In certain such embodiments, the
waler holder of the wafer edge 1maging system may be the
waler holder of the edge bevel removal module. In some
embodiments, the camera of the wafer edge imaging system
may be a color camera, and each image generated by the
color camera may be represented as an array of pixels, each
pixel comprising at least three color values. In certain such
embodiments, the image analysis logic may further include
EBR detection logic for determining from multiple azimuth-
ally separated images whether or not edge bevel removal
(EBR) has been performed on the waler by the edge bevel
removal module, and wherein the electroplating system
turther comprises fault identification and reporting logic for
reporting an error to the operator of the electroplating
system when the image analysis logic determines that EBR
has not been performed. The EBR detection logic may
determine whether or not EBR has been performed based on
the diflerence between one or more of the three color values
measured by the color camera at one or more pixels mea-
sured near the edge of the waler and one or more stored
reference color values indicative of the color at a point on a
waler where a metal layer 1sn’t present. In some embodi-
ments, the electroplated metal 1s copper.

Also disclosed herein are post-electrofill processing sys-
tems for processing substantially circular waters having an
clectroplated layer of metal formed on their surface which
may include an edge bevel removal module and a water edge
imaging system. The edge bevel removal module may
include a water holder for holding and rotating the wafer
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through different azimuthal orientations, and a device for
delivering etchant to an edge bevel region of the water while
it 1s held and rotated on the waler holder to remove elec-
troplated metal from the edge bevel region. The water edge
imaging system may include a water holder for holding and
rotating the water through different azimuthal orientations,
a camera oriented for obtaining multiple azimuthally sepa-
rated 1mages of a process edge of the water while 1t 1s held
and rotated through different azimuthal orientations on the
waler holder of the edge bevel removal module (the process
edge corresponding to the outer edge of the layer of metal
formed on the wafer), and 1mage analysis logic for deter-
miming an edge exclusion distance from the multiple azi-
muthally separated images (wherein the edge exclusion
distance 1s a distance between the wafer’s edge and the
process edge). The water holder of the water edge imaging
system may be the waler holder of the edge bevel removal
module. In some embodiments, the multiple azimuthally
separated 1mages may be obtained prior to the waler’s
treatment 1n the edge bevel removal module, and the 1imaged
process edge may correspond to the wafer’s plated edge
formed by electroplating. In some embodiments, the mul-
tiple azimuthally separated images may be obtained after the
waler 1s treated 1n the edge bevel removal module, and the
imaged process edge may correspond to the water’s etched
edge after treatment in the edge bevel removal module.

Also disclosed herein are methods of processing substan-
tially circular waters which include performing a processing,
operation on the wafer which forms a process edge of the
waler, rotating the water through multiple azimuthal orien-
tations, obtaining multiple azimuthally separated images of
the process edge of the waler while 1t 1s rotated through the
multiple azimuthal orientations, identifying the process edge
of the wafer 1n the multiple azimuthally separated 1mages as
a region having high contrast between adjacent pixels 1n the
images, determining an edge exclusion distance from the
multiple azimuthally separated images by comparing the
identified process edge with the waler’s physical edge
appearing in the images, and reporting that the edge exclu-
sion distance 1s outside a predetermined range. In certain
such embodiments, the processing operation 1s electroplat-
ing. In other embodiments, the processing operation 1s edge
bevel removal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides a schematic 1llustration of a semiconduc-
tor wafer.

FIG. 2 provides a flowchart of a copper damascene
clectrofill operation.

FIG. 3 presents a schematic of one exemplary integrated
clectroplating system.

FIG. 4 schematically 1llustrates a cross-sectional view of
an electroplating module.

FIG. 5 schematically illustrates an edge bevel removal
module integrated a waler edge 1maging system.

FIG. 6 provides a flowchart of an edge bevel removal
operation.

FIG. 7 provides a schematic of a waler edge imaging
system.

FIG. 8 presents a flowchart schematically illustrating a
sequence of operations performed by various embodiments
of the wafer edge 1maging system and image optimization
subsystem.

DETAILED DESCRIPTION

In the following disclosure, numerous specific embodi-
ments are set forth 1n order to provide a thorough under-
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standing of the mventive concepts disclosed herein. How-
ever, 1t will be appreciated by those skilled 1n the art that the
inventive concepts disclosed herein may in many cases be
practiced with or without certain of these specific details,
such as by the substitution of alternative elements or steps,
while remaining within the scope and spirit of the mnventive
concepts disclosed herein. As such, in certain instances,
certain well-known processes, procedures, operations, steps,
clements, modules, and/or components have not be
described 1n great detail, so as to not unnecessarily obscure
the important aspects of the disclosed inventive concepts.

Disclosed herein are integrated and/or 1n situ metrology
tools and i1maging systems, and related operations, to be
used 1n the processing of semiconductor wailers 1n electro-
plating systems/apparatuses, post-electrofill processing sys-
tems/apparatuses, and the like. More particularly, this dis-
closure pertaimns to cameras, 1maging systems, 1mage
optimization subsystems, and methodologies for analyzing
the edge exclusion region of a semiconductor water, 1n some
embodiments, atter an edge bevel removal (EBR) operation
has been performed. In some embodiments, these tools,
systems, and methodologies may be applied to assessing
waler centering and alignment 1n an electroplating and/or a
post-electrofill processing system. Currently, there 1s no
technology available for accomplishing detailed water edge
and process edge imaging and analysis in situ. Instead,
current practice 1s to remove a wafer from the wafer pro-
cessing equipment, transfer 1t to a separate and distinct
metrology area or apparatus (e.g., a microscope), and in this
distinct environment away from the processing hardware,
image and analyze process performance with respect to the
waler’s edge. This practice, however, 1s inconvenient, slows
waler processing throughput, and eliminates (or at least
makes extremely inconvenient) the possibility of closed-
loop feedback and adjustment between the imaging and
analysis system and the process equipment.

For the reasons described above, an eflective EBR opera-
tion works to remove PVD deposited and electroplated
metal from the edge bevel region as thoroughly and as
radially symmetrically as possible—and over the radially
narrowest region which 1s suflicient to cure the deficiencies
noted above in connection with deposited metal 1n this
region of the water. Accordingly, the alignment and center-
ing of the waler on the water holder/chuck during EBR
operations 1s of prime 1mportance, since 1f the wafer 1s not
centered then the EBR operation cannot symmetrically
remove metal from the wafer edge. Disclosed herein are
tools and methodologies for measuring what 1s referred to
herein as the “edge exclusion distance.” As described more
tully below, the edge exclusion distance i1s the distance
between the (substantially) circular edge of the water 1tself
and the watfer’s “process edge” which 1s the outer (substan-
tially) circular edge of the region of the water having a layer
ol electroplated metal thereon. Note that the “process edge”
may correspond to the water’s “plated edge”™—the edge of
the electroplated region prior to EBR, or it may correspond
to the water’s “etched edge”—the edge of the electroplated
region after having been etched back by an EBR operation.
Embodiments disclosed herein for measuring the edge
exclusion region may use these measurements to assess the
concentricity ol waler placement on the water holder/chuck
and to correct the waler centering/alignment on subsequent
clectroplating and/or EBR operations. Embodiments dis-
closed herein for measuring the edge exclusion distance may
use these measurements for other purposes as well, as
described in more detail below.
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In order to facilitate understanding of the various concepts
disclosed herein—including concepts relating to water elec-
troplating and electrofill, a water’s edge bevel region, edge
bevel removal (EBR) operations, the concept of an edge
exclusion region, and 1maging and analysis of the edge
exclusion region—FIG. 1 through 6 present various details
of certain specific embodiments of electroplating and post-
clectrofill processing systems and operations. Of course,
however, 1t 1s to be understood that the level of detail
presented below 1s to provide a specific context for explain-
ing and illustrating the inventive concepts disclosed herein
rather than to serve 1n any manner as a basis for impermis-
sibly limiting those inventive concepts.

First, a schematic 1llustration of a semiconductor water 1s
shown 1n FIG. 1. As shown, such a semiconductor water has
a top or “front” side 100 and a “backside” 101. The wafer
also has an interior “active circuit region” 102 where 1nte-
grated circuit devices with associated conductive metal
routes are formed, as described above. To make maximum
use of expensive semiconductor material, this active circuit
region should constitute a high fraction of the area on the
front side 100 of the wafer. As shown, integrated circuit
walers also include a “front edge” area 103, which 1s the
region on the front of the water that lies outside the active
circuit region, a “side edge” area 104 (sometimes referred to
herein as an “edge bevel region”) and a “back edge” area
105. The side edge lies in the area between the front side and
the backside, and the back edge 1s roughly the area near the
outer boundary of the wafer on 1ts backside, approximately
analogous to the front edge area. Note that the term “water”
as used herein includes production pattern waters, blanket
test walers, or any other types of walers or substrates
processed by semiconductor processing and/or fabrication
operations. Thus, 1n some embodiments, the methods and
apparatuses disclosed herein can be used not only 1 pro-
duction, but also 1n pre-production qualification runs and/or
for troubleshooting 1ssues related to concentric placement by
the robot, concentric plating by the plating cell, and con-
centric EBR and taper widths and EBR detection 1n the
post-electrofill modules.

An electroplating system 1s generally a wafer processing
system used to form a layer of electroplated metal on a
semiconductor wafer via an electroplating operation. A
post-electrofill processing system 1s generally a water pro-
cessing system used to further process semiconductor walers
alter having had a layer of metal formed on their surface via
an e¢lectroplating operation. Oftentimes such systems
include an EBR module for performing an EBR operation on
an eclectroplated water. The EBR module may also be
designed and configured to carry out related operations
which may include a backside etch (BSE) and ancillary
processes such as pre-rinsing, rinsing, acid washing, and
drying. Depending on the embodiment, a post-electrofill
processing system may be considered as a subsystem of a
larger electroplating system. One such integrated electro-
plating system 1s described 1n detail below in the context of
FIG. 3.

While there are many applications of electroplating and
post-electrofill processes in the IC fabrication arts (some of
which have been listed above), and while generally the
disclosed wafer edge imaging concepts and imaging systems
may be applied to any of these applications, 1 order to
illustrate a concrete electroplating application, copper dama-
scene electrofill will now be described 1n some detail with
reference to FIG. 2—with the understanding, once again,
that such disclosure 1s intended to be illustrative rather than
limiting. The process 200 begins with formation of line
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paths 201 in a previously formed dielectric layer. These line
paths may be etched as trenches and vias in a blanket layer
of dielectric such as silicon dioxide. They define conductive
routes between various devices on a semiconductor water.
Because copper or other mobile conductive material pro-
vides the conductive paths of the semiconductor water, the
underlying silicon devices must be protected from metal
ions (e.g., copper) that might otherwise diffuse into the
silicon. To accomplish this, the process includes depositing
a thin diffusion barrier layer 202 before depositing the metal.
Suitable materials for the diffusion barner layer include
tantalum, tantalum nitride, tungsten, titanium, and titantum
tungsten. In a typical embodiment, the barrier layer 1s
formed by a PVD process such as sputtering.

The water 1s now nearly ready to have its line paths
inlayed with the electrofill copper. Belore electrofilling, a
conductive surface coating 1s applied. In the depicted pro-
cess, this 1s accomplished by depositing a copper seed layer
on the barrier layer at 203. A PVD process such as sputtering
may be employed to this end. A thicker layer of bulk copper
1s then deposited over the seed layer 204, typically by
clectroplating using an electroplating solution. The copper 1s
deposited to a thickness that completely fills the various line
paths 1n the dielectric layer.

During the deposition of PVD copper, deposition in some
unwanted areas cannot be avoided. This copper must be
removed, and this 1s accomplished by the edge bevel
removal (EBR) and/or backside etch (BSE) processes. With
EBR at 205, a copper etchant 1s applied to the front edge of
the water in a thin stream. The etchant 1s typically applied
under viscous flow conditions so that 1t remains in a thin,
viscous layer near the point on the water where 1t 1s applied,
and thus avoids splashing the interior of the waler and
removing wanted copper from the active circuit region. It 1s
important for the stream of etchant to apply evenly; other-
wise variations in the size of the edge exclusion region may
result. A substantially unmiform—i.e., concentric—edge
exclusion region creates the maximum active and useable
surface area. Because the etchant 1s also generally applied
with a radial velocity component, and because of the cen-
tripetal acceleration effects of the rotating water, the thin
viscous layer flows outward, down over the side edge and a
few millimeters onto the backside, thus accomplishing
removal of the PVD copper from all three of these areas. In
most cases, EBR removes the plated film near the edge of the
waler. After EBR, the electroplated copper i1s planarized,
generally by chemical-mechanical polishing (CMP) down to
the dielectric at 206 1n preparation for further processing
(207), generally the addition of subsequent dielectric and
metallization layers.

Electroplating Systems

FIG. 3 presents a schematic of one exemplary itegrated
clectroplating system which may be used to carry out several
of the operations indicated 1n FIG. 2, 1n particular, the steps
of electroplating 204 and EBR 205. As shown 1n FIG. 3, an
clectroplating system 307 may include multiple electroplat-
ing modules, 1n this case the three separate modules 309,
311, and 313. As described more fully below, each electro-
plating module typically includes a cell for containing an
anode and an electroplating solution during electroplating,
and a waler holder for holding the water 1n the electroplating
solution and rotating the wafer during electroplating. The
clectroplating system 307 shown 1n FIG. 3 further includes
a post-electrofill processing system which includes three
separate post-clectrofill modules (PEMs) 315, 317 and 319.
Depending on the embodiment, each of these may be
employed to perform any of the following functions: edge
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bevel removal (EBR), backside etching, and acid cleaning of
walers after they have been electrofilled by one of modules
309, 311, and 313. Note that a post-electrofill module (PEM)
which performs edge bevel removal (EBR) will alternatively
be referred to herein simply as an EBR module. Electro-
plating system 307 may also include a chemical dilution
module 321 and a central electrofill bath 323. The latter may
be a tank that holds the chemical solution used as the
clectroplating bath in the electrofill modules. Electroplating
system 307 may also include a dosing system 333 that stores
and delivers chemical additives for the plating bath. If
present, the chemical dilution module 321 may store and
mix chemicals to be used as the etchant 1n the post electrofill
modules. In some embodiments, a filtration and pumping
unit 337 filters the plating solution for central bath 323 and
pumps 1t to the electrofill modules.

Finally, in some embodiments, an electronics unit 339
may serve as a system controller providing the electronic
and interface controls required to operate electroplating
system 307. The system controller typically includes one or
more memory devices and one or more processors config-
ured to execute structions so that the electroplating system
can perform 1ts itended process operations. Machine-read-
able media containing instructions for controlling process
operations 1n accordance with the mplementations
described herein may be coupled to the system controller.
Unit 339 may also provide a power supply for the system.

In operation, a robot including a back-end robot arm 325
may be used to select wafers from a waler cassette, such as
a cassette 329A or 329B. Back-end robot arm 325 may
attach to the wafer using a vacuum attachment or some other
feasible attaching mechanism.

A front-end robot arm 340 may select a waler from a
waler cassette such as the cassette 329A or the cassette
329B. The cassettes 329A or 329B may be front opening
unified pods (FOUPs). A FOUP 1s an enclosure designed to
hold waters securely and safely 1n a controlled environment
and to allow the waters to be removed for processing or
measurement by tools equipped with appropriate load ports
and robotic handling systems. The front-end robot arm 340
may hold the wafer using a vacuum attachment or some
other attaching mechanism. The front-end robot arm 340
may nterface with the cassettes 329A or 329B, a transier
station 350, or an aligner 331. From the transfer station 350,
a back-end robot arm 325 may gain access to the water. The
transier station 350 may be a slot or a position to and from
which front-end robot arm 340 and back-end robot arm 325
may pass walers without going through the aligner 331.
Note, that in some embodiments, the transfer station 350
may serve as (or serve as the location of) a waler edge
imaging module. In some 1mplementations, however, to
ensure that a water 1s properly aligned on the back-end-robot
325 for precision delivery to an electroplating module, the
back-end robot arm 325 may align the waler with aligner
331. Back-end robot arm 325 may also deliver a watfer to one
of the electrofill modules 309, 311, or 313 or to one of the
three post-electrofill modules 315, 317, and 319.

To ensure that the water 1s properly aligned on back-end
robot arm 325 for precision delivery to an either an elec-
troplating module 309, 311, or 313, or an EBR module 315,
317, and 319 (assuming these PEMs perform EBR), back-
end robot arm 323 transports the waler to an aligner module
331. In certain embodiments, aligner module 331 includes
alignment arms against which back-end robot arm 3235
pushes the waler. When the water 1s properly aligned against
the alignment arms, the back-end robot arm 325 moves to a
preset position with respect to the alignment arms. In other
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embodiments, the aligner module 331 determines the wafer
center so that the back-end robot arm 323 picks up the water
from the new position. It then reattaches to the water and
delivers 1t to one of the electroplating modules 309, 311, or
313, or EBR modules 315, 317, and 319. In some embodi-
ments, the aligner module 331 may adjust the centering/
alignment of the waler in reference to information about the
concentricity of previously plated or etched watfers. In
particular, the aligner module 331 may adjust waiter center-
ing/alignment 1n response to the extent to which a previously
plated wafer’s process edge 1s concentric with the edge of
the water 1tsell, as described in greater detail below. In
certain such embodiments, centering adjustment logic may
be employed to direct the aligner module 331 via one or
more signals. In some embodiments, the aligner module 331
may also be a waler edge image analysis module as
described 1n greater detail below. In certain such embodi-
ments, such a waler edge 1mage analysis and aligner module
may employ concentricity analysis logic and centering
adjustment logic to determine proper centering from the
concentricity of the water’s edge exclusion region and adjust
the water’s centering and alignment accordingly before the
waler 1s transported onward for further processing.

Thus, 1n a typical operation of forming a layer of metal on
a waler using the electroplating system 307, back-end robot
arm 323 transports a waler from waler cassette 329A or
329B to aligner module 331 for pre-electroplating centering
adjustment, then to electroplating module 309, 311, or 313
for electroplating, then back to aligner module 331 {for
pre-EBR centering adjustment, and then to EBR module
315, 317, or 319 for edge bevel removal. Of course, in some
embodiments, a centering/alignment step may be omitted.
For example, the second alignment (the pre-EBR alignment)
may be omitted 1f waler alignment generally remains correct
subsequent to the first alignment (the pre-electroplating
alignment), or alternatively, 1f alignment during the EBR
operation 1s far more critical, 1t may be preferable to only
perform the pre-EBR alignment. In other embodiments, the
waler may be precisely centered/aligned within one of the
EBR modules 315, 317, or 319 itself, without making use of
aligner module 331, 1t the EBR employs a wafer holder
capable of centering/aligning the wafer.

As described more fully below, the electroplating opera-
tion may mnvolve loading the water 1n a clamshell type water
holder and lowering the clamshell into an electroplating bath
contained within a cell of one of electroplating modules 309,
311, or 313 where the electroplating 1s to take place. The cell
oftentimes contains an anode which serves as a source of the
metal to be plated (although the anode may be remote), as
well as an electroplating bath solution oftentimes supplied
by a central electrofill bath reservoir 323 along with optional
chemical additives from a dosing system 333. The EBR
operation subsequent to the electroplating operation typi-
cally involves removing unwanted electroplated metal from
the edge bevel region and possibly the backside of the water

by way of applying an etchant solution which 1s provided by
chemical dilution module 321. After EBR, the water 1s

typically cleaned, rinsed, and dried.
Finally, 1t 1s noted that after post-electrofill processing 1s

complete, back-end robot arm 3235 may retrieve the wafer
from the EBR module and returns it to cassette 329A or

329B. From there the cassettes 329A or 329B may be
provided to other semiconductor waler processing systems
such as a chemical mechanical polishing system, for
example.




US 9,809,898 B2

11

Electroplating Modules

A specific embodiment of an electroplating module 1s
schematically and cross-sectionally illustrated i FIG. 4.
Such an embodiment could serve as any of electroplating
system 307 s electroplating modules 309, 311, and/or 313 as
described above and shown in FIG. 3. Referring again to
FIG. 4, the 1llustrated electroplating module 401 includes an
clectroplating cell 403 that contains the electroplating solu-
tion, which 1s shown at a level 405. A wafer 407 may be
immersed in the electroplating solution while held by a
“clamshell” holding fixture 409, the clamshell mounted on
a rotatable spindle 411. The rotatable spindle allows for
rotation of clamshell 409 together with the water 407.
Clamshell-type electroplating apparatus are further
described U.S. Pat. No. 6,156,167 and U.S. Pat. No. 6,800,

187, both of which are hereby incorporated by reference. Of
course, waler holders other than clamshell-type fixtures may
alternatively be employed.

An anode 413 1s disposed below the water 407 within the
clectroplating cell 403 and 1s separated from the wafer
region by an anode membrane 415, which 1s an 10n selective
membrane 1n some implementations. The region below the
anode membrane 1s often referred to as an “anodic region™
or as an “anode chamber” and electrolyte within this cham-
ber as “anolyte,” while the region above the anode mem-
brane 1s often referred to as a “cathodic region™ or as a
“cathode chamber” and the electrolyte within this chamber
as “‘catholyte.” The anode membrane 415 allows 1onic
communication between the anodic and cathodic regions of
the electroplating cell, while preventing any particles gen-
crated at the anode from entering the proximity of the wafer
and contaminating 1t. The anode membrane may also be
usetul 1n redistributing current tflow during the electroplating
processes and thereby improve electroplating uniformity.
Anode membranes are further described in U.S. Pat. No.
6,126,798 and U.S. Pat. No. 6,569,299, both of which are
hereby incorporated by reference.

The electroplating solution may be continuously provided
to electroplating cell 403 by a pump 417. Generally, the
clectroplating solution flows upwards through an anode

membrane 415 and a resistive element 419 to the center of
waler 407 and then radially outward and across the water. In
some 1mplementations, the electroplating solution may be
provided into the anodic region of the electroplating cell 403
from the side of the electroplating cell. In some 1mplemen-
tations, the electroplating solution may be supplied through
separate 1nlets 1nto anodic and cathodic regions of the
clectroplating cell 403.

The resistive element 419 1s located 1n close proximity of
the water (within about 10 millimeters or between about 3
to 8 millimeters, 1n various embodiments) and serves as a
constant current source to the wafer. That 1s, the resistive
clement 419 shapes the electrolyte current near the wafer to
provide a relatively uniform current distribution over the
waler surface. The element contains a plurality of one-
dimensional through holes, as described further below. Fur-
ther details regarding resistive elements may be found in
U.S. patent application Ser. No. 12/291,356, titled
“METHOD AND APPARATUS FOR ELECTROPLAT-
ING,” and filed Nov. 7, 2008, which 1s hereby incorporated
by reference.

After the electroplating solution flows across the surface
of the watler, some of the solution may overflow the elec-
troplating cell 403 to an overtlow reservoir 421, as indicated
by arrows 423. The electroplating solution may be filtered
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(not shown) and returned to pump 417, as indicated by arrow
425, completing the recirculation of the electroplating solu-
tion.

In some embodiments, such as that shown in FIG. 4, an
clectroplating module may employ a second cathode cham-
ber 427 contaiming a second cathode 429 (1.e., a thief
cathode) which may be located on the outside of the elec-
troplating cell 403 and peripheral to the water 407. Gener-
ally, the second cathode 429 may be positioned at a number
of locations within the electroplating cell or outside the
clectroplating cell.

In some embodiments, the electroplating solution over-
flows a weir wall of the electroplating cell 403 into the
second cathode chamber 427. In some embodiments, the
second cathode chamber 427 1s separated from the electro-
plating cell 403 by a wall having multiple openings covered
by an 10on-permeable membrane. The membrane allows 10ni1c
communication between the electroplating cell 403 and the
second cathode chamber 427, thereby allowing current to be
diverted to the second cathode. The porosity of the mem-
brane may be such that 1t does not allow particulate material
to cross from the second cathode chamber 427 to the
clectroplating cell 403 and result 1n wafer contamination.
The openings 1n the walls may take the form of rounded
holes, slots, or other shapes of various sizes. In one 1mple-
mentation, the openings are slots having dimensions of, e.g.,
about 12 millimeters by 90 millimeters. Other mechanisms
for allowing fluidic and/or 10nic communication between the
second cathode chamber 427 and the electroplating cell 403
are possible. Examples include designs 1n which the mem-
brane, rather than an impermeable wall, provides most of the
barrier between the electroplating solution i1n the second
cathode chamber 427 and the electroplating solution 1n the
clectroplating cell 403. A rigid framework may provide
support for the membrane in such implementations.

Two DC power supplies 435 and 437 can be used to
control current flow to the waler 407 and to the second
cathode 429, respectively. A power supply 4335 has a nega-
tive output lead 439 electrically connected to the water 407
through one or more slip rings, brushes, or contacts (not
shown). The positive output lead 441 of the power supply
435 1s electrically connected to the anode 413 located 1n
clectroplating cell 403. The power supply may have an
output voltage of up to about 250 volts, for example.
Similarly, a power supply 437 has a negative output lead 443
clectrically connected to the second cathode 429, and a
positive output lead 4435 electrically connected to the anode
413. Alternatively, one power supply with multiple indepen-
dently controllable electrical outlets can be used to provide
different levels of current to the water and to the second
cathode.

The power supplies 435 and 437 may be connected to a
controller 447, which allows modulation of current and
potential provided to the elements of the electroplating
module 401. For example, the controller may allow electro-
plating either i current-controlled or potential-controlled
regimes. The controller 447 may include program instruc-
tions specitying current and voltage levels that need to be
applied to various elements of the electroplating module, as
well as times at which these levels need to be changed. For
example, 1t may include program instructions for transition-
ing from potential-control to current-control upon immer-
sion of the water into the electroplating solution.

During use, the power supplies 435 and 437 bias both the
waler 407 and the second cathode 429 to have a negative
potential relative to the anode 413. This causes an electrical
current tlowing from anode 413 to the water 407 to be
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partially or substantially diverted to the second cathode 429.
The electrical circuit described above may also include one
or several diodes that will prevent reversal of the current
flow, when such reversal 1s not desired. An undesired current
teedback may occur during electroplating processes, since
the anode 413, which 1s set at ground potential, 1s the
common e¢lement of both the water circuit and the second
cathode circuit.

The level of current applied to the second cathode 429 1s
typically set to lower values than the level of current applied
to the water 407, with the second cathode current being
presented as a percentage of the waler current. For example,

a 10% second cathode current corresponds to a current tlow
at the second cathode that 1s 10% of the current flow to the
waler. The direction of the current as used herein 1s the
direction of net positive 1on flux. During electroplating, the
clectrochemical reduction of whatever metal 1s being plated
(e.g., Cu”"+2e”—Cu) occurs both on the wafer surface and
on the second cathode surface, which results 1n the deposi-
tion of the metal on the surfaces of both the watfer and the
second cathode. Since the current 1s diverted from the water
to the second cathode, the thickness of deposited metal layer
at the edge of the water may be diminished. This effect
typically occurs 1n the outer 20 millimeters of the water, and
1s especially pronounced 1n 1ts outer 10 millimeters, particu-
larly when electroplating 1s performed on a liner layer or a
thin seed layer. The use of the second cathode 429 can
substantially reduce center-to-edge non-uniformity which
typically results from terminal and field effects. A second
cathode may be used eirther alone or in combination with
turther auxiliary cathodes or with a variety of fixed or
dynamic shields. Further details regarding auxiliary cath-
odes, mncluding secondary and tertiary cathodes, can be
found 1n U.S. patent application Ser. No. 12/481,503, titled
“METHOD AND APPARATUS FOR ELECTROPLAT-
ING,” and filed Jun. 9, 2009, which 1s hereby incorporated
by reference. It should be understood that the secondary/
auxiliary cathode and 1ts associated power supply/supplies
as well as any other associated hardware elements are
optional features of an electroplating module.

Another optional features of an electroplating module are
one or more shields, such as shield 449, which can be
positioned within the electroplating cell 403 between the
resistive element 419 and the anode 413 (e.g., below the
resistive element 1n waler-facing-down systems). The
shields are usually ring-shaped dielectric inserts, which are
used for shaping the current profile and improving the
uniformity of electroplating, such as those described 1n U.S.
Pat. No. 6,027,631, which 1s hereby incorporated by refer-
ence. However, other shield designs and shapes may be
employed as are known to those of skill in the art, such as
shields taking the shape of wedges, bars, circles, ellipses,
and other geometric designs. Ring-shaped inserts may also
have patterns at their inside diameter, which may improve
the ability of the shield to shape the current flux 1n the
desired fashion. The function of the shields may differ,
depending on their position 1n the electroplating cell 403. An
clectroplating module may include a variety of static shuelds,

as well as a varniety of variable field shaping elements, such
as those described 1n U.S. Pat. No. 6,402,923 and U.S. Pat.

No. 7,070,686, both of which are hereby incorporated by
reference. An electroplating module may also include a
variety of segmented anodes such as those described in U.S.
Pat. No. 6,497,801, or concentric anodes such as those
described in U.S. Pat. Nos. 6,755,954 and 6,773,571, all of

which are hereby incorporated by reference. While shielding,
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iserts may be useful for improving electroplating unifor-
mity, they are optional, and alternative shielding configura-
tions may also be employed.

Edge Bevel Removal (EBR) Modules

A specific embodiment of an EBR module 1s schemati-
cally illustrated 1n FIG. 5. Such an embodiment could serve
as any of electroplating system 307’s EBR modules 315,
317, or 319 as described above and shown in FIG. 3. Of
course, 1t could also serve as one or more EBR modules
within a stand-alone post-electrofill processing module.

Referring again to FI1G. 5, the 1llustrated EBR module 520
includes a chamber 522 1n which a semiconductor water 524
rotates. Waler 524 resides on a water holder 526 which
imparts rotational motion to water 524. Chamber 522 is
outfitted with a drain and associated drain line 564. The
drain allows the various liquid streams provided to chamber
522 to be removed for waste treatment.

A motor 528 controls the rotation of water holder 526.
Motor 528 should be easy to control and should smoothly
transition between various rotational speeds. It may reside
within chamber 522. In some embodiments, to protect
against damage from liquid etchant, motor 528 resides
outside of chamber 522 and 1s separated therefrom by a seal
through which a rotating shaft 527 passes. Preferably, motor
528 can rapidly accelerate and decelerate (in a controlled
fashion) water holder 526 and wafer 524 at rotation rates
between 0 and about 2500 RPM, or even to about 6000
RPM. In some embodiments, a controller operates and
controls the motor and 1t’s rotational speed.

Water holder 526 1s 1deally of a design capable of holding
a waler 524 securely in position while being rotated and
accelerated at a variety of rotational speeds ranging from
zero RPM to about 6000 RPM. It may also facilitate
alignment of wafer 524 for the etching process. Chamber
522 may be of any suitable design that confines the liquid
ctchant within 1ts interior and allows delivery of the various
fluids to water 524. It should be constructed of an etchant
resistant material and include ports and nozzles for the
various liquid and gaseous streams used during etching and
cleaning.

(Gaseous nitrogen or other non-reactive gas may be pro-
vided to post electrofill module 520 from a gas source 530.
Nitrogen from source 330 1s delivered to chamber 522 under
the control of a valve 532 through nozzle 534. The nozzle
534 1s typically pointed downward over the water 524, as
shown 1n FIG. 5, so as to deliver the nitrogen 1n a downward
direction with an approximately laminar flow to the wafer
which may advantageously speed up the drying process.
Although a water holder 526 during spin/rinse/dry (SRD)
may rotate at about 5000 RPM, at that speed turbulence and
entrainment 1s typically too substantial for EBR to be
performed. In general, rotation speeds of about 0-2500
RPM, more preferably about 100-1500 RPM, and even more
preferably about 500-1300 RPM are eflective ranges of
rotational speeds for the EBR procedures disclosed herein.

The next mput 1s a source of deionized water 536. The
deionized water 1s delivered to chamber 522 under the
control of a valve 537 and through a delivery line and nozzle
538. Note that line and nozzle 538 directs deionized water
onto the top of water 524. This enables rinsing of the watfer’s
top side.

A similar deionized water system provides a stream or fan
of deionized water to the backside of wafer 524. This
deionized water 1s provided from a source ol deionized
water 540, which may be the same as source 536. A valve
542 controls the flow of deionized water onto the backside
of water 524 via a line and nozzle 544. The nozzle associ-
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ated with 544 may have the same design criteria as just
mentioned for nozzle 438. The goal 1s to rinse etchant from
the backside of water 524.

An acid rinse may be conducted on the front side of water
524. To this end, a source of sulfuric acid 546 provides
sulfuric acid to a delivery line and nozzle 550. Other acids
may be used as appropriate or combined with sulfuric acid.
For example, hydrogen peroxide may be used. Preferably,
this module includes a valve that controls the delivery of
sulfuric acid to module 520. The flow of sultfuric acid into
chamber 522 may be monitored by a tlow meter 5348. Note
that 1n the depicted embodiment nozzle 550 1s oriented to
direct sulfuric acid onto the center of the front side of water
524. After the acid 1s delivered to the center of the water 1t
then spins out into the edge of the waler during rotation. This
solution 1s applied to remove residual metal oxide which
remains aiter oxidizing (etching) the water and aids 1n the
overall cleaning of the wafer. Only a relatively small amount
of acid 1s typically required (e.g., 0.5 to 2 malliliters/200 mm
waler). After 1ts application, the watfer’s front side 1s rinsed
with deionized water through nozzle 538.

Liquid etchant used to remove unwanted metal from the
edge bevel region of waler 524 1s provided from a source of
liquid etchant 552 as shown. The etchant passes through a
flow meter 554 and 1s delivered to water 524 via a line and
nozzle 556. Preferably, the etchant 1s delivered precisely to
the edge bevel region of waler 524 1n order to selectively
remove metal (e.g., copper) from the edge bevel region
whether deposited via PVD or electroplated.

A second liquid etchant stream may be delivered to the
backside of waler 524 in order to etch ofl any unwanted
metal (e.g., copper) that may have been deposited on the
backside of water 524. As shown, such etchant 1s delivered
from an etchant source 558. Preferably, this 1s the same
source as 532. As shown, etchant from source 558 passes
through a tlow meter 560 and through a nozzle 562, which
directs 1t onto the backside of water 524.

An example EBR process 1s illustrated in FIG. 6. The
EBR process 600 may be carried out via a post-electrofill
EBR module, such as module 520 of FIG. 5, that 1s specifi-
cally designed to carry out the EBR process. The process
begins at 601, with a robot arm placing the water on the
substrate holder for EBR processing. The water 1s typically
aligned by a number of sloped alignment members and
placed on a set of frictional support pins that hold the water
in place by static friction, even when the waler 1s later
rotated.

After the robot arm retracts, deionized water 1s applied to
the front of the water 1n step 602 where the waler 1s spun at
about 200-600 RPM 1in order to pre-rinse the waler of any
particles and contaminants leit over from previous steps.
The detonized water 1s then turned off and the water 1s spun
up to a speed of between about 350-500 RPM, which creates
a uniformly thin layer of deionized water (wet-film stabili-
zation) 603. This wet-film stabilization facilitates an even
distribution of the etchant over the front side of the wafer. At
this time, at the latest, any alignment pins or clamps that
were used to precisely align the wafer are retracted from the
edge of the wafer.

After wet-film stabilization 603, the core feature of the
EBR, actual removal of the edge bevel metal 604 15 per-
formed. The EBR etchant 1s typically applied to the surface
of the waler using a thin nozzle tube, which has a nozzle
opening at or near its end. In a specific example, an EBR
dispense arm 1s positioned over the waler edge. Then EBR
1s performed under the following conditions: a total of about
3 to 15 malliliters etchant 1s delivered at a rate of about 0.2
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to 3 malliliters/second (more preferably about 0.3 to 0.4
milliliters/second) for a 300 millimeter water. In some
embodiments, the etchant may be dispensed 1n two or more
operations of different flow rates. In a particular example,
the 1 ml of the etchant 1s dispensed at 0.4 ml/sec for a first
operation, then 10 ml of the etchant 1s dispensed at 0.3
ml/sec for a second operation.

After the required amount of liquid etchant has been
applied to the edge of the water, deiomized water 1s again
applied to the front side of the waler as a post-EBR rinse
605. This application of deionized water will generally
continue through the subsequent operations of backside
etching and backside rinsing so as to protect the watfer from
any extrancous backside etchant spray and damage. While
the detomized water 1s applied, the dispense arm moves the
ctchant nozzle away from the wafer.

At generally the same time as commencement of step 605,
the backside of the water 1s pre-rinsed with deionized water
in step 606, which 1s wet-film stabilized 1n step 607 in much
the same manner that the front side was wet-film stabilized
in step 603 (e.g., the waler rotation speed 1s held at about
350 to 3500 rpm). After the flow of deionized water to the
waler backside ends, a backside etch (BSE) operation 608 1s
performed—generally with the same etchant that was used
for the EBR. In a specific embodiment, a thin jet (initially
0.02 to 0.04 1inches 1n diameter) of liquid etchant 1s aimed at
the center of the waler backside. The etchant 1s delivered
from a tubular nozzle having a diameter of about 0.02 to
0.04 inches and a length of at least about 5 times the
diameter. This etchant then disperses over the entire back-
side of the water. The purpose of the BSE 1s to remove any
residual metal (e.g., copper) that was formed on the backside
of the waler during formation of the PVD deposited seed
layer.

The BSE etchant 1s typically applied using a spray nozzle.
Despite gravity, surface tension generally keeps the etchant
in contact with the bottom of the water long enough to carry
out BSE. Since the water holder’s arms could interfere with
the spraying of etchant on the backside of the wafer, the
angle of the spray nozzle may be varied during BSE to
ensure thorough application of the etchant. Because the
waler 1s generally held up by support pins that impinge on
the backside of the water, the process 1s generally carried out
at two diflerent speeds to ensure that the etchant tlows
adequately over the entire surface. For instance, the wafer
may be rotated at about 350 rpm during part of the BSE and
then rotated at 500-700 rpm for the remainder of the BSE.
The portions of the backside blocked by the arms will differ
at the two speeds, thus ensuring complete coverage. Overall,
the BSE process typically takes 1-4 seconds and uses 1 to 5
cubic centimeters of the etchant described below to reduce
the concentration of metal (e.g., copper) on the backside to
less than 5x107'° atoms per cm” of substrate.

After BSE, both sides of the water (or at least the backside
of the wafer) are rinsed with deionized water 1n step 609 to
rinse away any liquid etchant, particles and contaminants
remaining ifrom the BSE. In step 610, the flow of deionized
water to the front side ends and about 2 to 4 milliliters of a
dilute acid, generally less than about 13% by weight acid, 1s
applied to the front side of the water to remove residual
metal oxide and remove the associated discoloration. In a
specific embodiment, the acid 1s applied at a rate of about 2
cc/sec. Alter the acid rinse, deionized water 1s once again
applied in step 611 to both sides of the wafer, or at least the
front side, to rinse the acid from the water. In a specific
embodiment, the deionized water 1s applied for about 135-30
seconds at about 300-400 mulliliters/min. Finally, n step
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612, the wafer may be spun and blow-dried, as desired, on
both sides with nitrogen. Generally, any drying step 1s
carrted out at about 750-2000 RPM for about 10 to 60

seconds, and necessitates a clamping for the waler once 1t
reaches about 750 RPM. At this point, processing in the
post-electrofill EBR module 1s completed, and so a robot
arm picks up the waler and places 1t in a cassette for
transport onward for additional processing subsequent to the
post-electrofill module.

Further information relating to post-electrofill EBR mod-
ules and processing operations 1s disclosed in: U.S. patent

application Ser. No. 11/248,874, filed Oct. 11, 2003, titled
“EDGE BEVEL REMOVAL OF COPPER FROM SILI-

CON WAFERS,” now 1ssued as U.S. Pat. No. 7,780,867;
U.S. patent application Ser. No. 11/737,045, filed Apr. 18,
2007, ttled “WAFER CHUCK WITH AERODYNAMIC
DESIGN FOR TURBULENCE REDUCTION,” currently
pending; U.S. patent application Ser. No. 12/199,412, filed
Aug. 27, 2008, titled “APPARATUS AND METHOD FOR
EDGE BEVEL REMOVAL OF COPPER FROM SILICON
WAFERS,” now 1ssued as U.S. Pat. No. 8,419,964; U.S.
patent apphcatlon Ser. No. 12/394,339, filed Feb. 27, 2009,
titled “MAGNETICALLY ACTUATED CHUCK FOR
EDGE BEVEL REMOVAL,” now 1ssued as U.S. Pat. No.
8,172,646; each of which 1s hereby incorporated by refer-
ence.

System Integrated Cameras and Water
Systems

Also disclosed herein are electroplating systems and
post-electrofill processing systems which include an inte-
grated camera and wafler edge 1maging system. In some
embodiments these systems allow for in situ 1maging of a
waler’s edge and process edge. The camera 1s oriented
within the system so that 1t may obtain multiple azimuthally
separated 1mages of the waler edge and process edge while
the wafer 1s held and rotated on a water holder within the
system. Once again, and as defined above, a wafer’s “pro-
cess edge” corresponds to the outer edge of the layer of
metal formed on the wafer. As such, the process edge 1s
generally referred to herein as a “plated edge” prior to edge
bevel removal (pre-EBR) and as an “etched edge” subse-
quent to edge bevel removal (post-EBR). Note that 1n some
embodiments, other geometric parameters of the waler may
also be measured and reported: e.g., distance between mul-
tiple edges, plated diameter, notch features, eftc.

The camera employed may be a high-resolution unit
specifically designed for water edge imaging, or a suitably
configured general-purpose unit, or it may be any one of a
number of suitable commercially available color or black-
and-white high-resolution cameras, such as those manufac-
tured by Cognex Corp. of Natick, Mass. Whatever camera 1s
chosen for use, 1t should have the capability of producing
images ol suflicient resolution, quality, and clarity to distin-
guish the one or more process edges present on a typical
semiconductor waler’s surface near 1ts edge. In one embodi-
ment, a Cognex In-Sight 1740 Waler Reader Series black-
and-white/grayscale camera was employed for 1n situ wafer
process edge analysis. In another embodiment, a Cognex
In-Sight 7402C Water Reader Series color camera was
employed for in situ waler process edge analysis.

In addition to having a camera, a waler edge 1maging
system may also include one or more 1llumination subsys-
tems. An illumination subsystem may be built mto the
camera, or 1t may be a standalone umit, but it typically has
a light source with adjustable illumination intensity. In some
embodiments, different 1llumination intensities of the light
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source may correspond to various modes of the watfer edge
imaging system and may be used to optimize image quality,
as described below.

The light source may be a colored light source providing,
illumination over a certain band of wavelengths, or it may be
colored light source providing illumination substantially of
a specified wavelength (e.g., red, green, blue, etc.), or a
substantially white light source. Furthermore, the light
source may be diffuse or collimated. In some embodiments,
the light source may be used to illuminate the wafer’s edge
with difluse low angle light and/or diffuse on-axis light
relative to the horizontal plane of the waler’s surface. In
some embodiments, the light source may be 1n the form of
a ring of light-emitting units (such as LEDs), the ring being
concentric with the lens of the camera. In other embodi-
ments, the light source may be ofiset slightly from the lens
of the camera such as shown 1 FIGS. 5 and 7 (see camera
570 and 770). Thus, through use of one or more light
sources, the 1llumination subsystem may provide varying

degrees of bright field 1llumination and dark field 1llumina-
tion.

In some embodiments, the watfer 1s held on a wafer holder
and 1maged within an electroplating system’s or post-elec-
trofill system’s EBR module. FIG. 5, discussed 1n detail
above, schematically illustrates such an EBR module 520
having an integrated camera 570 for such purpose. As
illustrated 1n the figure, camera 570 1s oriented to 1mage the
edge 525 of water 524 after 1lluminating 1t with light 5§75. In
some embodiments, this may be done at multiple azimuthal
positions of the waler which are provided by rotation of
waler holder 526 by motor 528 and rotating shait 527. Note,
that an EBR module 1s one type of processing module which
may benefit from integration of a waler edge i1maging
system, but such a system may also be mtegrated into other
types of modules which would derive a benefit from such an
imaging system, and the integration into such modules 1s
also within the spirit and scope of the present disclosure.

In other embodiments, a wafer edge 1maging system may
be integrated 1nto an electroplating or post-electrofill pro-
cessing system by way of a distinct stand-alone wafer
imaging module. FIG. 7 displays a schematic diagram of
such a wafer imaging module 700. Similar to the camera-
equipped EBR module shown m FIG. 5, waler imaging
module 700 includes an integrated camera 770 oriented to
image the edge 725 of waler 724 after illuminating 1t with
light 775, and this may be done at multiple azimuthal
positions of the waler which are provided by rotation of
waler holder 726 by motor 728 and rotating shait 727. The
optical subassembly which supports the camera typically
includes the camera 1tself, associated cables and mounting
hardware (not shown), eftc.

However, 1n still other embodiments, the features of the
waler 1imaging module of FIG. 7 may be combined with
features of other tfunctional umts within an electroplating or
post-electrofill processing system. For example, in some
embodiments, such as the electroplating system 300 of FIG.
3, a convement location for performing water edge imaging
may be within the wafer transfer station 350. This 1s because
all watfers processed by electroplating system 300 will pass
through this transfer station module 350 on their way to
exiting the system through waler cassette/FOUP 329A or
329B—the wafters placed at transier station 350 by back-end
robot arm 325 aiter processing (oitentimes aiter EBR) and
subsequently picked up from transfer station 350 by front-
end robot arm 340 for transier to water cassette/FOUP 329A
or 329B. Aligner 331 may be another logical place within an
clectroplating or post-electrofill system to locate the wafer
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imaging system. This may be because aligner 331 1s acces-
sible to all process modules 309, 311, 313, 315, 317, and

319.

In whatever module or functional unit chosen for the
waler edge 1imaging system, the camera 1s typically set up at
a fixed angle and distance from the water edge, and the
waler 1s rotated so as to bring various azimuthal sections of
the waler’s edge into the camera’s field of view (FOV). In
this manner the entire circumierence of the water may be
imaged without moving the camera. Such an arrangement 1s
illustrated In FI1G. 7 by the relationship between camera 770,
waler holder 726, and wafer edge 725.

Image Analysis Logic

As shown in FIGS. § and 7, the electroplating and
post-electrofill water processing systems disclosed herein
having an integrated image analysis system typically includ-
ing 1mage analysis logic 580, 780 for analyzing images of
the water’s edge 525, 725, and 1ts process edge, obtained
using camera 570,770, In some embodiments, the 1mage
analysis logic 380 may be 1n direct electronic communica-
tion with camera 570,770, as shown 1n FIG. 7. For example,
the 1mage analysis logic may reside on a general purpose
computer configured to process images using the image
analysis logic, and configured to receive image data from the
camera 570,770 through a type of serial or parallel electronic
communication mechanism (such as a universal serial bus
cable). In other embodiments, the camera 1tself may contain
enough processing power to eflectively implement the
image analysis logic and apply it to the 1images of the wafer
edge 1t captures. In some embodiments, the 1image analysis
logic may reside and be applied by the system controller for
the entire electroplating or post-electrofill processing sys-
tem.

The image analysis logic operates on 1images generated by
the camera which may be typically represented as one or
more arrays of pixels. In embodiments employing a color
camera, the pixels 1n an array of pixels representing an
image may typically include three color values, such as a
red, a green, and a blue color value. However, 1t 1s of course
possible 1n principle for a camera to generate an i1mage
having pixels with more or less than three color values, such
as, for example, 1 or2or4or5or6or /7 or 8, or 16, or 32,
or 64, or 128, or 256 color values, or any number of color
values falling within a range of color values defined on the
low end and high end by any pair of the alforementioned
number of color values. For example, a camera may only
detect (or record) red light, and so generate an 1image as an
array ol pixels, each pixel only including a red color value
indicative of the intensity of red in the image at the point 1n
the 1mage corresponding to that pixel. Similarly, for blue,
green, or any other band of wavelengths which may be of
interest. Likewise, having additional color values beyond
red, green, and blue may provide for greater detection
functionality, in some embodiments. For a grayscale camera,
cach pixel 1n an array of pixels representing an image
recorded with the camera would typically be represented by
a single grayscale value indicative of the intensity of light 1n
the 1mage at the location corresponding to the pixel.

In some embodiments, 1mage analysis logic 580, 780
works to determine an edge exclusion distance of the imaged
waler from the multiple azimuthally separated 1mages. The
concept of an “edge exclusion distance™ 1s described above
and 1s defined as a distance between the waler’s edge and the
waler’s process edge. In some embodiments, the image
analysis logic may determine multiple edge exclusion dis-
tances at various points around the circumierence of the
waler—i.e. at multiple azimuthal angles. In certain such
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embodiments, each 1image from the set of multiple azzmuth-
ally separated images associated with a water may be used
to determine an edge exclusion distance which corresponds
to the particular azimuthal angle associated with that image.
In this manner, the edge exclusion region may be mapped
out around the circumierence of the wafer from the values
of the edge exclusion distance at particular azimuths. In
some embodiments, values may be determined at about 400
points around the circumierence of the wafer, or between
about 300 and 500 points around the circumierence of the
waler, or between about 100 and 500 points around the
circumfierence of the water. In some embodiments, values
may be determined at between about 4 and 25 points around
the circumference of the water, or between about 10 and 20
points around the circumierence of the wafer.
Measurement of the edge exclusion distance (EED) 1s

=

important because the size of the EED relates to the amount
of active surface area available on a waler—i.e. the part of
the waler which can be used to fabricate microelectronic
devices. The smaller the EED, and the more consistently
small, the greater the per waler available active surface area,
and the greater the number of microelectronic dies that can
be recovered per water. Thus, what 1s often sought 1s the
smallest EED which can consistently be achieved. EED
consistency 1s often expressed in terms of a range. When the
process edge 1s an etched edge formed via EBR, consistency
1s often expressed in terms of an “EBR range,” which 1s
simply the difference between the maximum and minimum
values of the EEDs corresponding to the etched edge around
the waler’s circumierence. EBR range may be viewed as an
indicator of EBR edge quality as well as an indicator of
concentricity—i.¢., lack of concentricity could be indicated
by a relatively large value of the EBR range, however, a
waler with a rough or jagged EBR edge might be concentric
but still have a relatively large value for 1ts EBR range. Thus,
EED measurements are also useful because, in some
embodiments, they provide an indicator of the quality of the
etched edge formed via EBR. In many cases, for a given
batch of semiconductor wafers, there will be a particular
predetermined range of EEDs which are expected to be
achieved by each waler undergoing a given electroplating
procedure and/or post-electrofill process and, in fact, the
overall fabrication process may rely on each watfer’s EED
falling within that range so that a certain number of dies can
be repeatedly recovered from each wafer.

Another important measurement which can be made with
respect to the region of a waler near 1ts edge 1s a measure-
ment of the water’s “taper width.” When EBR 1s performed
on a waler to remove unwanted metal from the region near
the water’s edge (as described above), a transition region—
referred to as the “taper” region—is typically formed which
separates the outer edge region of the water where the EBR
process has substantially removed all unwanted metal and
the interior of the water whose metal layer remains essen-
tially unaffected by the EBR process. This taper region 1s
generally sloped—i.e. its surface 1s not horizontally parallel
with the plane of the water—because on one side of it a layer
of metal has been virtually completely removed whereas on
the other side of 1t virtually no metal has been removed. The
width of the taper region—measured 1n the plane of the
waler—is referred to as the “taper width,” and 1n many
instances, 1t must be tightly controlled 1n accordance with
the various processing operations which follow EBR. In
many instances, 1t 1s desired to be as small as possible, for
the same reason the edge exclusion region 1s desired to be as
small as possible: to maximize the amount of active circuit
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region (as discussed above). In some scenarios, the taper
width may also be an indicator of the quality of the EBR
process.

Accordingly, in some embodiments, measurement of
taper width may be important 1n addition to measurement of
edge exclusion distance. Thus, image analysis logic 380, 780
may work to determine a taper width of a process edge of the
imaged waler from the multiple azimuthally separated
images 1n addition to an edge exclusion distance. In some
embodiments, the image analysis logic may determine mul-
tiple taper widths at various points around the circumierence
of the waler—i.e. at multiple azimuthal angles. In certain
such embodiments, each 1image from the set of multiple
azimuthally separated 1images associated with a wafer may
be used to determine a taper width which corresponds to the
particular azimuthal angle associated with that image. In this
manner, the taper width (in addition to the EED) may be
mapped out around the circumierence of the water from the
values of the taper width at particular azimuths. In some
embodiments, values may be determined at about 400 points
around the circumference of the water, or between about 300
and 500 points around the circumierence of the wafer, or
between about 100 and 500 points around the circumierence
of the wafer. In some embodiments, values may be deter-
mined at between about 4 and 25 points around the circum-
terence of the watler, or between about 10 and 20 points
around the circumierence of the wafer.

Finally, 1n some embodiments, another important deter-
mination which may be made with a waler edge 1maging
system 1s whether EBR has 1n fact been performed on the
waler being analyzed. It might mitially be thought that a
determination of edge exclusion distance necessarily implies
that EBR has been performed. In some embodiments, this
implication may in fact hold, but in the general case, 1t 1s not
necessarily true: that is, 1n some situations, image analysis
logic may return an edge exclusion distance though EBR has
not been successiully performed on the water. For example,
consider the case of copper electroplating onto a thin layer
of copper seed. For various reasons independent of EBR, the
clectroplated copper will not form a thick layer at the edge
of the wafer, and therefore there will be a strong color
contrast between the inner region of the water where copper
has been thickly electroplated and the region at the edge of
the water where 1t has not been thickly plated. This color
contrast allows an identification and measurement of the
process edge, whether or not EBR has been performed to
remove the seed layer from the edge. Thus, without further
analysis, the process edge may be interpreted as an EBR
edge.

Accordingly, various methods and apparatuses are dis-
closed herein to perform an EBR detect operation in order to
determine whether EBR has indeed been performed to
remove unwanted metal from the edge of a water. In some
embodiments, these methods and apparatuses employ a
color camera to generate multiple azimuthally separated
images of the process edge, and 1n some embodiments, the
image analysis logic 5380, 780 may include EBR detection
logic for determining from the multiple azimuthally sepa-
rated 1images whether or not edge bevel removal has been
performed on the wafer. In some embodiments, this deter-
mination 1s accomplished by comparing one or more color
values measured near the edge of the waler, outward of the
process edge, with one or more stored reference color values
that are known to be representative of the color at the edge
of the wafer either before after EBR has been performed.

For example, measured color values which are similar to
reference color values measured from a copper seed layer, or
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dissimilar to reference color values measured from the
waler’s surface without seed layer would tend to indicate
that EBR has not been performed on the water. Likewise,
measured color values which are dissimilar to reference
color values measured from a copper seed layer, or similar
to reference color values measured from the water’s surface
without seed layer would tend to indicate that EBR has been
performed on the water. Thus, since the images generated by
the color camera are typically represented as an array of
pixels, each pixel comprising three color values, 1n some
embodiments, the EBR detection logic may determine
whether or not EBR has been performed based on the
difference between one or more of the three color values
measured by the color camera at one or more pixels mea-
sured near the edge of the wafer and one or more stored
reference color values indicative of the color at a point on a
waler where a metal layer 1sn’t present. Alternatively, the
EBR detection logic may determine whether or not EBR has
been performed based on the difference between one or more
of the three color values measured by the color camera at
one or more pixels measured near the edge of the water and
one or more stored reference color values indicative of the
color at a point on a water where a metal layer 1s present. In
some embodiments, red, green, and blue (RGB) color values
are used for this comparison. In some embodiments, only the
red color value 1s used.

In some embodiments, as an alternative to performing
these comparisons via an RBG color space (or color coor-
dinate system), 1t may be advantageous to utilize a HSI (hue,
saturation, intensity) color coordinate system, since colors
encountered on plated semiconductor walers may exhibit
greater color differentiation 1n the HSI color coordinate
system compared with the RGB color coordinate system.
Note that 1n an HSI color coordinate system, a color’s ‘hue’
corresponds to 1ts location withun the visible portion of the
clectromagnetic spectrum (red, green, blue, and mixtures/
intermediates, etc.), a color’s ‘saturation’ corresponds to the
degree to which the color 1s mixed with grey or white, and
a color’s ‘intensity’ 1s a measure of 1ts brightness defined as
the average value of the red, green, and blue color compo-
nents that make up the color. In some embodiments, use of
an HSI color coordinate system may make positive detection
of EBR more reliable. In the HSI color coordinate system,
1solation and manipulation of the hue parameter has been
found to be particularly eflective for EBR detection. Note,
that 1n some embodiments, color spaces/coordinate systems
other than RBG or HSI may be useful for enhancing color
differentiation between the presence or absence of copper
seed.

In many cases, 1f there 1s an operational problem which
causes a waler’s EED to fall outside of an expected prede-
termined range (or EBR range to be too large, for example),
the operator of the processing system would derive a clear
benefit from promptly knowing about it. The same may be
true 1t the taper width 1s outside an expected predetermined
range, or 1f 1t 1s determined that EBR has not been performed
when 1t was expected to have been. Accordingly, 1n order to
provide this fault-detection functionality, the disclosed elec-
troplating and post-electrofill processing systems having an
waler edge 1maging system and the ability to determine
EEDs may, i addition, possess fault identification and
reporting logic for reporting an error to the operator of the
clectroplating system when the image analysis logic deter-
mines that an EED 1s outside a predetermined range of
values, and/or when the image analysis logic determines that
a taper width 1s outside a predetermined range of values.
Furthermore, 1n some embodiments, the electroplating sys-
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tem may include fault identification and reporting logic for
reporting an error to the operator of the electroplating
system when the image analysis logic determines that EBR
has not been performed when 1t was expected to have been.

Note that the EED which triggers the fault reporting may
be a mean EED calculated by averaging the individual EEDs
measured at each azimuthal angle, or the triggering mean
EED may be an average of a subset of the measured EEDs
at certain azimuths—perhaps selected because they are
azimuthally close to one another, or perhaps selected
because they are the N-smallest or N-largest EEDs (where N
1s a number less than the total number of EEDs). For
example, 1f the average of the 5 largest EEDs exceeds the
high-end of the predetermined EED range, the fault identi-
fication and reporting logic would report an error to the
operator of the processing system. Other types of statistical
averaging may also be used. In other embodiments, a single
out-of-range EED may trigger fault reporting. In some
embodiments, a secondary statistical analysis may be con-
ducted on the data 1n order to 1dentily anomalous measure-
ments and filter them out—essentially to throw out the
statistical outliers. Such a procedure may help to eliminate
any false reporting and fault identification. However, 1f the
number of such outlier data points 1s statistically significant,
the fault identification and reporting logic may nevertheless
report an error or send an alert to the operator of the
processing system.

Similarly, the taper width which triggers the fault report-
ing may be a mean taper width calculated by averaging the
individual taper widths measured at each azzimuthal angle, or
the triggering mean taper width may be an average of a
subset of the measured taper widths at certain azimuths—
perhaps selected because they are azimuthally close to one
another, or perhaps selected because they are the N-smallest
or N-largest taper widths (where N 1s a number less than the
total number of taper widths). For example, 11 the average of
the 5 largest taper widths exceeds the high-end of the
predetermined taper width range, the fault identification and
reporting logic would report an error to the operator of the
processing system. Other types of statistical averaging may
also be used. In other embodiments, a single out-of-range
taper width may trigger fault reporting. In some embodi-
ments, a secondary statistical analysis may be conducted on
the data 1n order to i1dentily anomalous measurements and
filter them out—essentially to throw out the statistical out-
liers. Such a procedure may help to eliminate any false
reporting and fault identification. However, 11 the number of
such outlier data points 1s statistically significant, the fault
identification and reporting logic may nevertheless report an
error or send an alert to the operator of the processing
system.

Concentricity Analysis Logic and Centering Correction

An electroplating or post-electrofill processing system’s
waler edge 1imaging system may further include concentric-
ity analysis logic for determine whether at to what extent a
waler’s process edge 1s concentric with the edge of the water
itself. In some embodiments, this additional processing logic
may form a subpart of 1ts image analysis logic 580, 780, or
it may be a stand-alone logic component 1n communication
with the image analysis logic. Of course, the image analysis
logic may be integrated into the camera 1tself (as described
above), and thus the concentricity analysis logic may also be
integrated 1nto the camera itself. Furthermore, as described
above, 1n some embodiments, both logic components may
be loaded as software instructions on the camera itself, or
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onto a general purpose computer, or onto the main/central
controller of the electroplating and/or post-electrofill pro-
cessing system.

There are a variety of approaches that the concentricity
analysis logic may employ to assess whether the wafer’s
edge and process edge are concentric with respect to one
another. Generally, the concentricity analysis logic assesses
concentricity by analyzing a set of multiple edge exclusion

* 'y

distances (EEDs) corresponding to different azimuthal
angles around the circumierence of the water. These would
typically be measured/computed by the image analysis logic
as discussed above. A wide spread 1n the EEDs going around
the circumierence of the waler 1s indicative of a non-
concentric process edge, and particularly so 1f values on one
side of the water tend to be very different than values on the
opposite side of the water, whereas a narrow range of EEDs
1s 1ndicative of a concentric process edge. Thus, 1n some
embodiments, a quantitative metric indicative of the statis-
tical vanation 1n the multiple EEDs over diflerent azimuthal
angles may be indicative of the concentricity—when the
metric 1s within a predetermined threshold value the process
edge may be said to be concentric, and when 1t exceeds the
threshold, the process edge may be said to be non-concen-
tric. Again, the process edge could correspond to a plated
edge post-electroplating, or an etched edge post-EBR,
depending on the embodiment. A variety of choices are
possible for the quantitative/statistical metric. The metric
may be the standard deviation of the EEDs over all the
different azimuthal angles, or the difference between EEDs
on opposite sides of the wafer, averaged over all the azi-
muthal angles, etc.

O1f course, process edge concentricity 1s important in
integrated circuit fabrication because a non-concentric pro-
cess edge likely means wasted valuable watfer surface area
and lower per water die yield. Potentially worse yet, 11 the
evaluated process edge 1s a post-EBR etched edge, lack of
concentricity may indicate the water was misaligned during
EBR and that EBR may not have been achieved at certain
azimuthal regions of the waler edge. An incomplete EBR
would 1mplicate all the problems discussed above with
respect to the motivations behind performing EBR 1n the
first stance. Accordingly, since 1t 1s beneficial for the
operator of these disclosed electroplating and post-electrofill
processing systems to know immediately when a processing
step has gone awry, some embodiments disclosed herein
may include fault idenftification and reporting logic for
reporting an error when the concentricity analysis logic
determines that the imaged waler’s edge and process edge
are non-concentric.

Even more useful in certain cases, 1s to correct wafer
centering 1n subsequent process steps, when 1t has been
established that water centering 1n a previous process step
was less than 1deal. The subsequent process step could be,
for example, the next process step in the sequence of
operations being performed on the waler that was deter-
mined to be misaligned, or 1t could be, for example, the same
process step whose alignment was ofl performed on a
subsequent waler. Accordingly, to provide a closed-loop
waler misalignment detection and correction mechanism,
waler centering adjustment logic may be included 1n some
of the electroplating systems and post-electrofill processing
systems disclosed herein. This centering adjustment logic
typically responds to signals or communications from the
concentricity analysis logic, and works to adjust the center-
ing of one or more subsequently processed waters within the
clectroplating module or edge bevel removal module or
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other water processing module when it 1s determined that a
previously imaged water’s edge and process edge are non-
concentric.

In some embodiments, the centering adjustment 1s made
by making a correction to the next robot handoff to the
clectroplating module or EBR module or other processing
module to restore concentric placement. For example, refer-
ring to FIG. 3, back-end robot arm 325 may make a
centering adjustment when picking up the next water from
aligner 331, or when delivering that subsequent water to one
of the electroplating modules 309, 311, or 313 or to one of
the EBR modules 315, 317, or 319. In sum, the capability of
making edge exclusion distance measurements 1n situ and
cvaluate process edge concentricity while electroplating
operations (and post-electrofill operations) are being per-
formed substantially increases the probability of 1dentifying
serious 1ssues early on 1n running a sequence of wafers (1.e.,
before a significant number of wafers are run and potentially
damaged) and by enabling mechanisms within the process
system to make minor centering and alignment corrections
to waler placement while production 1s underway.

Details of Process Edge Detection, Taper Width Measure-
ment, EBR Detection, Imaging System Calibration, and
Optimal Mode Selection

Despite the utility of having system integrated metrology
tools for waler edge and process edge imaging, image
analysis of the process edge can be extremely challenging to
implement and, 1n particular, to implement 1n a semi or fully
automated fashion. Furthermore, since the edge exclusion
distance (EED) 1s the distance between the process edge and
the water edge, any failure of the image analysis logic to
correctly identify and measure the process edge will result 1n
erroneous values of the EED and potentially an erroneous
assessment of waler centering.

One method for detecting a process edge in an electronic
image of a waler 1s to look for a ring shaped boundary
between two concentric regions of the walfer’s surface
having sharply differing optical properties. For instance, a
curved arc-shaped boundary near the waler’s edge separat-
ing a highly reflective region from a less reflective region 1s
a potential candidate for identification as a process edge.
Looking at 1t another way, process edge 1dentification may
involve searching for narrow regions on the waler surface
where there 1s sharp optical contrast. Accordingly, 1n some
embodiments, the 1mage analysis logic of a waler edge
imaging system may specifically include logic for sharpness
analysis which may be used to i1dentify potential process
edge candidates as sharp arc-shaped boundaries 1n a water
image which are near but radially inward of the wafer’s
edge. Sharpness logic may include, for example, logic for
differencing the brightness levels of adjacent or nearby
pixels, calculating a numerical spatial derivative of bright-
ness level, a brightness gradient, etc. over approprate
regions of an image to estimate the sharpness of each pixel’s
contrast relative to adjacent or nearby pixels, grouping the
sharp high-contrast pixels, and then determining whether the
grouped pixels form an arc-shaped line which 1s nearly
concentric with the water’s edge. Sharpness logic may thus
include logic for identitying sharp edges in wafer images.

In embodiments employing a color camera, color may
serve as a basis for process edge i1dentification, and 1denti-
fication of the process edge may entail searching for regions
of sharp color contrast in the image. For example, 11 the
process edge to be 1dentified and measured 1s the edge of a
layer of copper which has been electroplated onto a wafer,
the plated copper covered surface of the water will have a
substantially different color (it 1s copper colored) than the
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unplated surface (which 1s not copper colored). Thus, 1n
certain embodiments, the process edge may be 1dentified as
a narrow region having the greatest color contrast between
adjacent pixels, such as for example, 1n the case of the
process edge being an edge of plated copper, a region of the
image where there 1s a distinct change from copper color to
non-copper colored. Such identification may also take 1nto
account the shape of the region having strong color contrast,
for example, by considering whether the pixels so 1dentified
map out a curved arc-shaped boundary akin to the shape of
a process edge one would expect to find. In some embodi-
ments, the radial position of the boundary may also be taken
into account, such as, for example, when 1t 1s expected that
the process edge be found within some particular radial
region of the waler surface.

Color can also be used to measure the taper width of a
process edge at various azimuthal points around the edge of
the water (as taper width was described above). Where 1t can
be said that a process edge has an associated taper width,
implicit 1n this understanding is the point that process edge
itsell 1s not just an edge but a region of the water itself, albeit
a narrow region. Moreover, 1t 1s a region which oftentimes
has a color or brightness which 1s distinctly different than the
central region of the water inward of the process edge and
the edge region of the waler outward of the process edge.
For mstance, if the process edge 1s the edge of a layer of
plated copper, as its thickness tapers from its most radially
inward point where its thickness matches the layer of plated
copper to 1ts most radially outward point where its thickness
1s essentially zero, 1ts color will attenuate as well from that
of the copper color of the plated copper layer to the color of
the waler surface underneath the copper layer. Accordingly,
quantification of this color change over the span of a
sequence of pixels can be used to estimate the width of this
tapering region—i.e. the “taper width.” In addition, as
described above, the taper region generally has a non-zero
slope relative to the horizontal plane of the water and so
depending on the angle of the incident light and the position
of the camera, 1ts retlectivity will differ 1n this regard as well.
With respect to this later point, 1if the slope of the taper
region eflects the overall reflectivity enough, in some
embodiments, 1t may be possible to measure the taper width
using a grayscale camera and relying on the difference in
reflected brightness alone. In some embodiments, this may
be done using a grayscale camera under low angle 1llumi-
nation.

Nevertheless, there are sigmificant technical difliculties
associated with performing an 1mage analysis to accurately
detect and measure a waler process edge. A first factor
contributing to the difliculty 1s the common presence of a
multitude of different process edges simultaneously residing
near the edge of a wafer, each resulting from previous
processing steps. Although many may be present, only one
process edge 1s intended to be measured at a time, which
creates a challenge for an automated (or semi-automated)
protocol for i1dentifying the process edge of interest and
evaluating its distance from the wafer’s edge at a particular
azimuthal angle. The result 1s that, 1n many instances, the
desired process edge 1s not found, or another 1s mistakenly
identified by the automated protocol, or, in some 1nstances,
certain features of the water’s lithographic patterning may
itsell falsely be interpreted as a valid process edge.

To deal with this problem of multiple process edges, some
methods may target the process edge of interest by using
some type of spatial basis for identitying 1t. Specifically, 1f
it 1s known beforehand, 1n terms of a radial range, how close
to the water edge the process edge 1s expected to be found,
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candidates outside of this range may be disregarded. In
many 1nstances, the expected range of valid radu1 1s narrow
enough than this sort of spatial filtering may unambiguously
identify the process edge of interest. In other embodiments,
an alternative technique for distinguishing the process edge
ol 1nterest may be to locate each potential process edge 1n
the 1image, calculate the contrast 1n reflectivity between the
regions on either side of it, and identifying the correct
process edge as that having a contrast which 1s closest to
some predetermined value expected to be found.

A second factor contributing to the dithiculty associated
with 1dentifying and measuring the process edge relates to
the general optical properties of the wafer itself. Semicon-
ductor wafers from different manufacturers typically have
very different reflective optical properties due to the vastly
varying proprietary lithographic patternings typically etched
into their surfaces. These geometric patterns may also result
in a single wafer having vastly different optical reflectivity
depending on the angle at which 1t 1s viewed or imaged. That
1s, a waler’s optical properties may have a significant
angular dependence, and thus each azimuthal portion of the
waler’s edge may result in a generated 1image having some-
what diflerent retlectivity and other optical properties. Deal-
ing with this intrinsic variation may be challenging.

Thus, technmiques and systems are desired for handling the
intrinsic optical variation between waters of diflerent litho-
graphic patternings—techniques and systems which, despite
the vanability, consistently 1dentily and measure the correct
process edge. One approach found to be effective for han-
dling water variability 1s to (1) calibrate the water edge
imaging system for a given set of walers having a common
lithographic patterning, and then (11), once the system 1is
calibrated, use multiple camera 1maging modes to capture
multiple 1mages of the waler’s edge, score the i1mages
according to a predetermined criteria (as discussed below),
and finally choose the highest scoring images for use 1n
process edge i1dentification and measurement. Ideally, as
much as possible of the calibration and multi-imaging steps
are performed 1 an automated fashion. Depending on the
embodiment, the camera may be a black-and-white/gray-
scale camera, or the camera may be a color camera.

Accordingly, disclosed herein are electroplating and post-
clectrofill processing systems whose waler edge 1maging
systems employ an 1image optimization subsystem. In some
embodiments, these systems may first be calibrated using a
particular type of pattern walfer, and then as wafers are
imaged during processing, the image optimization subsys-
tem may work to further optimize the imaging procedure by
analyzing the images generated using the multiple 1maging
modes and determining and selecting the mode which yields
the best imagery. In some embodiments, the 1nitial calibra-
tion of the i1maging system may involve testing various
camera positions and orientations—i.e., varying the distance
between the camera and the waler’s edge and varying the
camera’s optical angle—the angle the camera makes with
respect to the water’s normal vector (the vector normal to
the horizontal plane of the wafer). The different positions
and orientations may each be tested with a suite of camera
imaging modes, for example, by toggling the camera
through various light-field and dark-field imaging modes.
The camera may then be locked into the position and
orientation with respect to the waler which yields the best
imagery, thereby completing the calibration. Typical ranges
of camera-waler distances and optical angles which have
been found to be eflective include: distances of between
about 5 and 100 mm, or between about 5 and 80 mm, or
between about 5 and 50 mm; and optical angles of between
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about 0 and 90°, or between about 0 and 30°, or between
about 0 and 20°. Criteria for determining what constitutes
the best imagery 1s described 1n greater detail below. As a
further optimization, 1n some embodiments, the various
imaging modes of the camera may be evaluated on the test
waler as well so as to eliminate, at the calibration stage,
imaging modes which perform poorly on a particular class
ol pattern wafers, and to preselect those that perform well.

Once calibrated, camera position and orientation typically
do not require further adjustment for a given class of pattern
wafers. Moreover, 1n some cases, the same calibration of
camera position and orientation may work well over many
different classes of pattern wafers. This 1s because, to a
certain extent, the iitial calibration 1s designed to compen-
sate for any variability in the camera itself as well as any
variability 1n its 1llumination subsystem, and these factors
are, ol course, not dependent on what walfers are being
analyzed by the system. For example, some cameras have an
LED-based 1llumination subsystem wherein the LEDs are
mounted on printed circuit boards, and this results 1 a
certain amount ol angular variability to the lighting pro-
duced by various on-axis illumination modes when compar-
ing one camera to another. Although the angular variation 1s
typically less than a degree, this 1s still significant enough to
warrant calibration. Thus, in some embodiments, calibration
ol camera position and angular orientation may compensate
for this variability, and this compensation would tend not to
be aflected by which particular type of pattern water 1s being
imaged. Of course, 1t 1s to be understood, however, that such
calibration 1s not necessarily required 1n all embodiments,
for example, 1f the lighting of a given embodiment does not
exhibit such angular variability.

After calibration, the wafer edge 1imaging system 1s con-
figured to operate eflectively on a given class of pattern
walers using the multiple preselected imaging modes. Thus,
at this point, to eflectively identily and measure the particu-
lar process edge of interest at various azimuthal positions
around the circumierence of the wafer: the camera of the
imaging system obtains imagery 1n each of the preselected
imaging modes at multiple azimuthal angles, and then the
image optimization subsystem (of the 1maging system)
scores the 1mages based on a predetermined selection cri-
teria to determine the best imaging mode or modes, and
finally selects the images generated using the highest scoring
mode (or modes) for use by the image analysis logic to
detect, identily, and measure the process edge, and to
determine an edge exclusion distance, and also, 1n some
embodiments, to determine a taper width. In some embodi-
ments, the score associated with each 1image/mode may be
based on the sharpness of particular visible features in the
waler edge 1magery, which has been found to be an 1mpor-
tant criteria for choosing the optimal 1maging mode or
modes. In particular, 1n some embodiments, the feature used
to score the images/modes may be a process edge (or
something potentially i1dentifiable as a process edge)—and
even more particularly, the process edge of interest. In some
embodiments which employ a color camera, the score asso-
ciated with each image/mode may be based on the degree of
color contrast exhibited between pixels on either side of the
process edge. The imaging mode or modes which generate
images exhibiting the highest color contrast may be selected
for use by the image analysis logic to determine the taper
width and/or the edge exclusion distance.

Of course, the 1dea of the scoring criteria 1s to evaluate a
particular imaging mode’s ability to enable the system to
positively identity and measure the process edge of interest.
Note, that 1n some embodiments, rather than acquiring
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images using all available modes and selecting the 1mages or
modes with the highest scores after the fact, the images may
be scored as they are acquired, and once images are found
whose scores exceed a predetermined threshold, imaging 1s
concluded and these images are used for waler edge analy-
S1S.

Thus, mn some embodiments, the i1mage optimization
subsystem may obtain images using diflerent 1maging
modes, evaluate image sharpness and/or color contrast, or
the sharpness and/or color contrast of particular features
such as the process edge of interest, as described above, of
the various i1mages, and then score the i1mages/modes
accordingly. As a result, in some embodiments, the 1mage
used by the image analysis logic to determine the edge
exclusion distance and/or taper width at a particular azimuth
1s essentially the image acquired which contains the sharpest
representation of the desired process edge and/or the repre-
sentation exhibiting the highest color contrast.

Note that 1n some embodiments, the optimal 1maging
mode may be determined on a per-wafer basis by the image
optimization system, and thus, once optimally determined,
the same 1maging mode 1s used to 1mage and analyze all
points around the circumierence of the watfer. In other
embodiments, the optimal mode may be allowed to vary on
an 1maged-point-by-imaged-point basis around the circum-
terence of the wafer, and thus different imaging modes may
be optimally chosen for diflerent azimuthal waler orienta-
tions. Analytically, this type of variable optimization may
deal with the variable reflectivity one finds by rotating the
waler and 1maging it at different azimuthal angles.

Regarding the various imaging modes of the wafer edge
imaging system, each 1s generally characterizable by its
predetermined settings for various image capture and illu-
mination parameters. For example, in some embodiments,
exposure time may be an important image capture parameter
which has a significant eflect on the sharpness and/or color
contrast of the process edge appearing 1n the resulting watfer
edge 1mages and how precisely a process edge may be
identified and measured. In addition, though not camera
settings per se, the camera’s distance from the process edge,
as well as the camera’s optical angle, are also parameters
which can have a strong eflect on the quality of resulting
imagery, and so these may also be considered as 1mage
capture parameters associated with particular operating
modes of the camera. However, as described above, camera
position and orientation are typically set and fixed during the
initial calibration stage and not adjusted during water-by-
waler processing—though this could be done, 1n principle.

[Nlumination parameters are also important. In some
embodiments, the waler edge 1maging system may include
an illumination subsystem having a light source such as a
lamp, flash, etc.; or any of the light sources described above,
such as a ring of LEDs (light emitting diodes) concentric
with the lens of the camera, for example. In some embodi-
ments, the light source may be a diffuse light source having
vartous modes and light levels for illuminating the water’s
edge with diffuse low angle light relative to the horizontal
plane of the wafer’s surface which may be particularly
usetul for taper width determination. By way of these light
sources, the 1llumination subsystem may provide a variety of
bright field and dark field illumination modes, and associ-
ated settings for illumination intensity, etc. Distinct combi-
nations of these illumination parameter settings—modes,
illumination levels, etc.—along with settings for exposure
time, etc., may be associated with particular imaging modes
and so may be optimized through the selection of the optimal
imaging mode for a given waler and/or particular azimuthal
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orientations. Oftentimes the lamps or tlashes may be con-
structed from one or more light emitting diodes (LEDs), but
other light-emitting materials may also be used. The light
used to illuminate the water’s edge may be substantially
white light or it may be light limited to a certain visible
spectral range. For example, 1n some embodiments employ-
ing a black-and-white/grayscale camera, red light may be
used to 1lluminate the water’s edge. Illumination sources
which generate substantially red light have also found to
work well with color cameras. In some embodiments, sub-
stantially blue light or green light as described with respect
to various light sources above may also be useful. In
addition to the described i1llumination methods above which
direct light at the front plane of the wafer and features
thereon, it 1s found that backlighting the water 1s particularly
ellective for producing a clear sharp edge 1image of the outer
edge of the watfer. White and red diffuse backlighting have
been found to be particularly suited to this application.

Settings for various post-processing parameters may also
be associated with the imaging modes of the waler edge
imaging system, and may be optimized via the techniques
described above to generate more useful imagery for process
edge determination and measurement. For a wafer edge
imaging system employing a color camera, examples of
such post-processing parameters include parameters associ-
ated with various color filtration and enhancement functions
that enhance the color values of red, green, blue, cyan,
magenta, or yellow 1n an image through various mathemati-
cal transformations (multiplicative, additive, subtractive,
combinations thereof, etc.), parameters associated with
enhancement of hue, saturation, intensity again through
various mathematical transformations, etc. These color
enhancement functions may be applied uniformly over an
entire 1mage, or to particular sub-regions of an 1mage, or
selectively on a pixel-by-pixel basis. Adjusting the color hue
of a waler edge 1mage has been found, in particular, to
improve taper width determinations made with the image.

Specific examples of post-processing techniques and
parameter selections which have been found to work well
include:

Example 1: apply a filter to extract only the hue compo-
nent of the color image and convert the resultant image to
grayscale. (In some embodiments, single-component extrac-
tion may also be done with one of the RGB components or
with a different HSI component. In some embodiments, a
weilghted-average of two or more components (such as two
or more RGB components) may be used to convert to a
grayscale 1mage, or some other scheme of interpolating
between multiple components may be employed. In some
embodiments, the grayscale image may be generated from
the luminescence of the color pixels.)

Example 2: apply a global pixel manipulation to the
image by various image enhancing techmques including:
thresholding, inversion of certain color pixel, histogram
equalization to cut 1 or out certain sections of the color
histogram for a region of interest. Then convert this 1image
to grayscale using one or more techniques from Example 1.

Example 3: Convert each color pixel to grayscale as
explained in Example 1, and then to either black or white
based on predefined limits of conversion. For instance, in
some embodiments, all grayscale values less than 75 and
greater than 200 (assuming a scale of 0-235) are converted
to white, and everything in between (75-200 on a scale of
0-255) are converted to black.

Example 4: Perform neighbor filtering in the region of
interest to increase contrast. Neighbor filtering involves
mathematically transtorming/manipulating a pixel’s value
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based on 1ts value and the values of all pixels touching it (9
pixels in total). Appropniate mathematical transformations
may include functions for shrinking or expanding values,
smoothing functions, edge enhancement functions, and the
like. In some embodiments, the result 1s to produce a
grayscale 1mage of greater contrast than the original color
image over the region of interest. Neighbor filtering may be
performed before or alter conversion to grayscale (such as
by the techniques set forth in Example 1) or 1t may be
performed 1n embodiments not employing grayscale con-
Version.

Any of the foregoing examples (Examples 1-4) and any of
the techniques set forth therein may be combined in any
multitude of ways to process an 1mage in order to improve
the i1mage’s contrast. For example, the hue component
extraction and grayscale conversion of Example 1 may be
combined with any of the image processing techniques
disclosed with respect to Examples 2-4.

Accordingly, the multiple 1maging modes (which are
cvaluated to determine which generates 1images having the
highest color contrast between pixels on eirther side of a
process edge) may include distinct settings for color hue,
and/or distinct settings for any parameter relevant to the
foregoing post-processing techniques (as described 1n
Examples 1-4). Of course, one having skill in the art will
appreciate that, in some cases, what 1s referred to here as a
post-processing technique, parameter, or mode could alter-
natively be employed during the image capture operation
itself.

FIG. 8 presents a flowchart schematically illustrating a
sequence of operations performed by various embodiments
of the wafer edge 1maging system and image optimization
subsystem. The sequence of operations begins 810 with the
calibration 820 of the waler edge 1imaging system to a given
class of patterned wafers. In some embodiments, this entails
testing and setting the camera’s position and angular orien-
tation with respect to the waler edge, as described above.
After the imaging system 1s calibrated, the electroplating
system or post-electrofill processing system may typically
begin processing runs with production wafers. At some point
during the processing of a production waler, e.g., after
clectroplating, atter EBR, etc., the waler may be loaded 830
onto a rotatable substrate holder for imaging. As described
above, 1n some embodiments, the rotatable substrate holder
may be a dedicated substrate holder within the water edge
imaging system (see FIG. 5), whereas 1n other embodiments,
the substrate holder used to hold and rotate the water for
image acquisition 1s the same as that used for holding the
waler during EBR within the EBR module (see FIG. 7). The
imaging mode 1s set by the image optimization subsystem 1n
step 832, and in step 834, the wafer 1s rotated and multiple
azimuthally separated images of the water edge are acquired
by the camera of the imaging system.

After acquisition the 1images are acquired, they are given
a quality score 1n step 836, and 1n step 838 a determination
1s made by the 1image optimization system as to whether the
images are of high enough quality to proceed with process
edge 1dentification and measurement in step 840. In some
embodiments, image quality 1s determined to be of sutlicient
quality if the 1images’ scores are above a minimum prede-
termined threshold as indicated in FIG. 8. If the scores are
beneath the threshold, the image optimization system returns
to step 832 and sets the camera 1n the next imaging mode.
Multiple azimuthally separated images are then re-acquired
834, rescored 836, and so on, until 1n step 838 scores above
the minimum threshold are achieved. Of course, in some
embodiments, an 1maging system may simply acquire all
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images using all of the preselected 1imaging modes first and
alterwards have the image optimization subsystem deter-
mine which images and/or 1maging modes are optimal.

Once a suflicient set of high-quality images are obtained
at the multiple azimuthal positions, in step 840, the images
are analyzed and the process edge of interest 1s 1dentified and
measured. In some embodiments, the process edge of inter-
est 1s expected to be found within a certain range of radial
values, as described above, and so part of the analysis 1s
identifying the (hopefully unique) process edge which 1is
within this radial range, and 1gnoring those that are not. In
this manner, the process edge of interest 1s 1dentified and
measured, and from 1t an edge exclusion distance 1s calcu-
lated 1 step 850. A further aspect of step 850°s waler edge
analysis 1s oftentimes a concentricity analysis as described
above. In some embodiments, the results of the concentricity
analysis may be used in step 852 to adjust the centering of
the walers being processed 1n one or more modules of the
clectroplating/post-electrofill processing system. Note that
although various of the proceeding steps described with
respect to the tflowchart of FIG. 8 may be optional depending
on the embodiment, the optional nature of a post-concen-
tricity analysis centering adjustment 1s explicitly indicated
by the dashed lined box representing step 852 in FIG. 8. As
the water edge 1imaging system 1s performing wafter edge
analysis 850 and optional centering adjustment 852, the
system may contemporancously determine whether another
waler 1s ready for image analysis 1n step 860, and proceed
to load that waler for 1mage analysis thus returning to step
830. In this manner, the entire sequence of operations 830
through 840, 850, and 520 1s repeated on a subsequent water.
When all waters have been 1maged and analyzed the pro-
cedure 1s completed at step 870.

Controllers

The water edge 1mage processing and analysis operations
described herein, such as those operations described 1n
reference to FIG. 8 above, may be implemented 1n program
instructions which may reside on a controller of the wafer
edge 1maging system and/or image optimization subsystem
and/or may reside on some remote non-transitory medium
which 1s accessible from and readable by a controller
associated with either or both of these systems. In some
embodiments, the controller associated with the foregoing
systems may represent one or more sub-components of a
system controller which operates the entire electroplating
system or post-clectrofill processing system within which
these 1mage processing systems are integrated. In other
embodiments, program instructions associated with the
image processing and analysis operations disclosed herein
may reside on the camera itself (in software or hardware) or
on some other component distinct from the system controller
which operates the electroplating and/or post-electrofill
modules.

The controller which operates water edge imaging system
may receiving feedback signals from various components,
modules, subsystems, etc. of the apparatus and may supply
control signals to the same or other components, modules, or
subsystems. For instance, the controller may control opera-
tion ol electroplating substrate holders, robots, cleaning
systems, post-electrofill modules, etc. that are part of the
clectroplating or post-electrofill system. In certain embodi-
ments, the controller may synchronize the operation of the
various processing modules and the robots which move
walers between the various modules.

The controller may typically include one or more memory
devices and one or more processors. The processor may
include a central processing unit (CPU) or computer, analog
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and/or digital input/output connections, stepper motor con-
troller boards, and other like components. Machine readable

program 1nstructions for implementing appropriate control
operations are executed on the processor. The machine
readable mstructions may be stored on the memory devices
associated with the controller or they may be provided over
a network.

In certain embodiments, the controller controls all or most
activities of the electroplating and/or post-electrofill pro-
cessing systems described above including the operation of
the waler edge i1maging systems described above. The
controller executes system control software including sets of
instructions for controlling the timing of the processing
steps, pressure levels, gas flow rates, and other parameters of
particular operations. Other computer programs, scripts, or
routines stored on memory devices associated with the
controller may be employed 1n some embodiments.

Typically, there 1s a user iterface associated with the
system controller. The user interface may include a display
screen and graphical software to display process conditions,
images of the water’s edge which are acquired by the water
edge 1maging system, etc. Also included may be user input
devices such as pointing devices, keyboards, touch screens,
microphones, and other like components.

The computer program code for controlling the above
operations can be written 1n any conventional computer
readable programming language: for example, assembly
language, C, C++, Pascal, Fortran or others. Compiled
object code or script 1s executed by the processor to perform
the tasks identified in the program.

Signals for monitoring processes may be provided by
analog and/or digital input connections of the controller. The
signals for controlling the processes are output on the analog
and digital output connections of the controller.

Photolithographic Patterning

The apparatus/process described hereinabove may be
used i conjunction with lithographic patterning tools or
processes, for example, for the fabrication or manufacture of
semiconductor devices, displays, LEDs, photovoltaic panels
and the like. Typically, though not necessarily, such tools/
processes will be used or conducted together in a common
tabrication facility. Lithographic patterning of a film typi-
cally icludes some or all of the following operations, each
operation enabled with a number of possible tools: (1)
application of photoresist on a workpiece, 1.e., substrate,
using a spin-on or spray-on tool; (2) curing of photoresist
using a hot plate or furnace or UV curing tool; (3) exposing,
the photoresist to visible or UV or X-ray light with a tool
such as a wafer stepper; (4) developing the resist so as to
selectively remove resist and thereby pattern 1t using a tool
such as a wet bench; (5) transferring the resist pattern into
an underlying film or workpiece by using a dry or plasma-
assisted etching tool; and (6) removing the resist using a tool
such as an RF or microwave plasma resist stripper.

OTHER

EMBODIMENTS

Although the foregoing disclosed processes, methods,
systems, and apparatuses have been described 1n detail
within the context of specific embodiments for the purpose
of promoting clarity and understanding, 1t will be apparent
to one ol ordinary skill in the art that there are many
alternative ways of implementing these processes, methods,
systems, and apparatuses which are within the scope and
spirit of this disclosure. Accordingly, the embodiments
described heremn are to be viewed as illustrative of the
disclosed mventive concepts rather than limiting or restric-
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tive, and are not to be used as an impermissible basis for
unduly limiting the scope of the appended Claims.

We claim:

1. An electroplating system for forming a layer of metal
on a substantially circular water having a side edge, the
system comprising:

an electroplating module comprising:

a cell for containing an anode and an electroplating
solution during electroplating; and

a water holder for holding the wafer in the electroplat-
ing solution and rotating the wafer during electro-
plating;

an edge bevel removal module, the edge bevel removal

module comprising:

a water holder for holding and rotating the water; and

a device for delivering etchant to an edge bevel region
of the water while the wafer 1s held and rotated on
the water holder of the edge bevel removal module
to remove electroplated metal from the edge bevel
region after electroplating in the electroplating mod-
ule; and

a waler edge 1maging system comprising:

a waler holder for holding and rotating the water
through different azimuthal orientations;

a camera oriented for obtaining multiple azimuthally
separated 1mages of a process edge of the waler
while the water 1s held and rotated through different
azimuthal orientations on the water holder of the
imaging system, the process edge corresponding to
the outer edge of the layer of metal formed on the
wafer, wherein the camera 1s a color camera and each
image generated by the color camera 1s represented
as an array ol pixels, each pixel comprising at least
three color values; and

image analysis logic for determining an edge exclusion
distance from the multiple azimuthally separated
images, wherein the edge exclusion distance 1s a
distance between the waler’s side edge and the
process edge, wherein the image analysis logic fur-
ther comprises EBR detection logic for determining,
from the multiple azimuthally separated images
whether or not edge bevel removal (EBR) has been
performed on the water by the edge bevel removal
module; and

fault i1dentification and reporting logic for reporting an

error to an operator of the electroplating system when

the 1mage analysis logic determines that EBR has not
been performed.

2. The electroplating system of claim 1, further compris-
ing fault identification and reporting logic for reporting an
error to an operator of the electroplating system when the
image analysis logic determines that an edge exclusion
distance 1s outside a predetermined range.

3. The clectroplating system of claam 1, wherein the
image analysis logic determines multiple azimuthally sepa-
rated edge exclusion distances from the multiple azimuthally
separated 1images, wherein each edge exclusion distance 1s a
distance between the water’s side edge and the process edge
at a particular azimuthal angle.

4. The electroplating system of claim 3, wherein the
image analysis logic further comprises concentricity analy-
s1s logic for determining that the waler’s side edge and
imaged process edge are concentric when a metric indicative
of a statistical variation i1n the multiple edge exclusion
distances over diflerent azimuthal angles 1s within a prede-
termined threshold value and non-concentric when the met-
ric exceeds the threshold value.




US 9,809,898 B2

35

5. The electroplating system of claim 4, wherein the
metric 1s the standard deviation of the edge exclusion
distances over different azimuthal angles.

6. The electroplating system of claim 4, further compris-
ing waler centering adjustment logic for adjusting centering
of one or more subsequently processed walers within the
clectroplating module when a determination 1s made that a
currently imaged waler’s side edge and process edge are
non-concentric.

7. The electroplating system of claim 4, further compris-
ing fault identification and reporting logic for reporting an
error to an operator of the electroplating system when the
concentricity analysis logic determines that an i1maged
waler’s side edge and process edge are non-concentric.

8. The electroplating system of claim 1, wherein the
image analysis logic further comprises sharpness analysis
logic for analyzing 1mages of the process edge and deter-
mimng a sharpness of the process edge 1n the images.

9. The electroplating system of claim 1:

wherein the waler edge 1maging system 1s configured to

operate 1n multiple 1imaging modes and to obtain mul-
tiple azimuthally separated images of the process edge
using the multiple 1maging modes; and

wherein the wafer edge imaging system further comprises

an 1mage optimization subsystem for determining an
imaging mode which generates 1mages of the process
edge that are sharpest, and selecting the 1mages gen-
erated using the 1imaging mode which generates images
of the process edge that are sharpest for use by the
image analysis logic to determine an edge exclusion
distance.

10. The electroplating system of claim 9, wherein the
waler edge 1imaging system includes an illumination sub-
system having a light source with adjustable illumination
intensity, and wherein the multiple imaging modes comprise
distinct combinations of settings for i1llumination intensity
and exposure times.

11. The electroplating system of claim 1, wherein the
waler edge 1maging system further comprises an illumina-
tion subsystem having a diffuse light source for 1lluminating,
the water’s side edge with light comprising either diffuse
low angle light or difluse on-axis light relative to a hori-
zontal plane of a surface of the wafer.

12. The eclectroplating system of claim 1, wherein the
image analysis logic turther comprises logic for determining
a taper width of the process edge from the multiple azi-
muthally separated images.

13. The electroplating system of claim 1, the camera 1s a
color camera.

14. The electroplating system of claim 13, wherein each
of the images generated by the color camera 1s represented
as an array of pixels, each pixel comprising at least three
color values.

15. The electroplating system of claim 14, wherein 1n the
multiple azimuthally separated images, the process edge 1s
identified as a narrow region having the greatest color
contrast between adjacent pixels.

16. The electroplating system of claim 15:

wherein the 1image analysis logic further comprises logic

for determining a taper width of the process edge from
the multiple azimuthally separated 1mages;

wherein the waler edge 1maging system 1s configured to

operate 1n multiple 1imaging modes and to obtain mul-
tiple azimuthally separated images of the process edge
using the multiple 1maging modes; and

wherein the wafer edge imaging system further comprises

an 1mage optimization subsystem for determining an
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imaging mode which generates 1mages of the process
edge having the highest color contrast between pixels
on either side of the process edge, and selecting the
images generated using the 1maging mode which gen-
erates 1mages of the process edge having the highest
color contrast between pixels on either side of the
process edge for use by the image analysis logic to
determine the taper width.

17. The electroplating system of claim 16:

wherein the waler edge imaging system further comprises

an 1llumination subsystem having a diffuse light source
for 1lluminating the water’s side edge with diffuse low
angle light relative to a horizontal plane of a surface of
the water; and

wherein the water edge 1maging system’s multiple 1imag-

ing modes comprises distinct combinations of settings
for 1llumination intensity, and exposure times.

18. The electroplating system of claim 17, wherein the
multiple 1maging modes further comprise distinct settings
for color hue, saturation, and intensity.

19. The electroplating system of claim 1, wherein the
waler holder of the water edge 1maging system 1s the water
holder of the edge bevel removal module.

20. The electroplating system of claam 1, wherein the
EBR detection logic determines whether or not EBR has
been performed based on a difference between one or more
of the three color values measured by the color camera at
one or more pixels measured near the side edge of the water
and one or more stored reference color values indicative of
a color at a point on a waler where a metal layer 1sn’t
present.

21. The eclectroplating system of claim 20, wherein the
metal 1s copper.

22. The electroplating system of claim 1, wherein the
process edge, of which the edge exclusion distance 1s
determined 1n reference, 1s chosen for analysis by the image
analysis logic based on the process edge’s location within a
predetermined radial range inward from the wafer’s side
edge.

23. A method of processing a substantially circular wafer
comprising:

performing a processing operation on the wafter which

forms a process edge of the wafer;

rotating the water through multiple azimuthal orienta-

tions;
obtaining multiple azimuthally separated color images of
the process edge of the waler while the water 1s rotated
through the multiple azimuthal orientations, wherein
cach 1image generated by the color camera 1s repre-
sented as an array of pixels, each pixel comprising at
least three color values;
identitying the process edge of the waler in the multiple
azimuthally separated images as a region having high
contrast between adjacent pixels in the images;

determiming an edge exclusion distance from the multiple
azimuthally separated 1mages by comparing the i1den-
tified process edge with a side edge of the wafer
appearing in the images;

determining from the multiple azimuthally separated

images whether or not edge bevel removal (EBR) has
been performed on the water by an edge bevel removal
module, wherein the edge bevel module comprises a
waler holder for holding and rotating the water and a
device for delivering etchant to an edge bevel region of
the water while the water i1s held and rotated on the
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waler holder of the edge bevel removal module to
remove electroplated metal from the edge bevel region;

and
reporting that the

edge exclusion distance 1s outside a

predetermined range.
24. The method of claim 23, wherein the processing
operation 1s electroplating.

25. The method of claim 23, wherein the processing
operation 1s edge bevel removal.

26. The method of claim 23, wherein determining from
the multiple azimuthally separated images whether or not

edge bevel removal (.

HBR) has been performed on the water

by an edge bevel removal module 1s based on based on a
difference between one or more of the three color values
measured by the color camera at one or more pixels mea-
sured near the side edge of the waler and one or more stored
reference color values indicative of a color at a point on a

water where a metal

layer 1sn’t present.

277. The method of claim 26, wherein the metal 1s copper.
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